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The Notch signalling pathway plays an essential role in skin homeostasis and disease. 
Previous studies have shown that distinct ligands and receptors are expressed in different 
layers of human epidermis, suggesting separate roles for each ligand. In vivo, expression 
of the Notch Delta-Like Ligand 1 (Dll1) is confined to the stem cell compartment in the 
interfollicular epidermis (IFE). In vitro, cells overexpressing Dll1 can induce neighbouring 
cells to differentiate into corneocytes. Since expression of this ligand is low, both in vivo 
and in vitro, it is unknown as to what extent Dll1 is in involved in IFE homeostasis.  
In this thesis, I explore how different keratinocytes subpopulations express Notch 
pathway components, showing that JAG1 and 2 are highly expressed compared with Dll1. 
In order to explore the importance of JAG1 and 2, I exposed keratinocytes to these ligands 
and showed that both can independently induce differentiation. To mimic the IFE stem 
cell compartment, I exposed keratinocytes overexpressing Dll1 to recombinant JAG1 and 
2, observing a reduction in differentiation when compared with control. This data 
reinforces the hypothesis that DLL1 could be acting on stem cells inducing cis-inhibition 
and preventing these cells from differentiating.  
To address how keratinocytes can discriminate and respond to distinct ligands I 
investigated regulators of Notch signalling. Using a sc-RNAseq dataset, I identified fringe 
proteins as potential modulators of the Notch pathway in human keratinocytes. Fringe 
proteins are glycosyltransferases that transfer N-acetylglucosamine to O-linked fucose 
residues on Notch EGF repeats, changing the affinity of these receptors to Notch ligands. 
Mammals have three different fringe proteins: lunatic (LFNG), manic (MFNG) and radical 
fringe (MFNG). High expression of LFNG and RFNG was observed in culture. In vitro, 
overexpression of LFNG showed a decrease in Notch signalling and differentiation, and 
increased proliferation. Moreover, knock- down using siRNA decreased differentiation, 
but a reduction in the proliferative potential was observed.  
My findings imply that Dll1 induces cis-inhibition in human keratinocytes. Hence, I 
suggest that LFNG play a role in modulating Notch signalling in IFE increasing cis-inhibition 
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underwent	 sophisticated	 adaptations	 in	 vertebrates	 to	 achieve	 a	 fully	 terrestrial	
lifestyle	(Strasser	et	al.,	2014).	In	mammals,	this	complex	organ	is	characterised	as	
comprising	 different	 tissues	 and	 functions	 that	 act	 together	 to	 protect	 the	 body	
against	the	harms	of	the	external	environment,	including	U.V	radiation,	water	loss,	
pathogens	and	physical	and	chemical	threats	(Chuong	et	al.,	2002;	Watt,	2014).		
In	humans,	 the	skin	 is	 composed	by	 two	different	compartments:	dermis	and	
epidermis	(Figure	1).		The	dermis	comprises	the	most	internal	part	of	the	skin	and	







et	 al.,	 2017;	 Guerrero-Juarez	 and	 Plikus,	 2018).	 The	 basement	 membrane	 (BM)	
separates	 dermis	 and	 epidermis	 and	 comprises	 a	 specialized	 ECM	 structure	
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stratified	 squamous	 epithelium	 containing	 the	 interfollicular	 epidermis	 (IFE)	
interspacing	adnexal	appendages,	including	sebaceous	gland	(SG),	hair	follicles	(HF)	
and	 sweat	 glands	 (SG).	 	 Keratinocytes	 are	 the	 most	 abundant	 cell	 type	 in	 the	
epidermis	followed	by	less	abundant	cell	types	such	as	immune	cells	(Merkel	cells	





 The epidermis consists of the interfollicular epidermis (IFE) interspaced by adnexal structures such as sweat glands 
and hair follicles. Basement membrane separates dermis and epidermis. The dermis is a collagen-rich tissue that 
contains nerve bundles and blood vessels that guarantee the adnexal structure function. Adipose tissue – or 











The	 interfollicular	 epidermis	 is	 formed	 by	 four	 different	 layers	 that	 can	 be	
distinguished	 based	 on	 molecular	 and	 morphological	 differences,	 termed	 basal	
layer,	spinous	layer,	granular	layer	and	cornified	layer	(Figure	2)(Eckert	and	Rorke,	
1989;	Senoo,	2013;	Watt,	2014).		






almost	 exclusively	 on	 the	 basal	 layer	 and	 when	 the	 terminal	 differentiation	
programme	starts	cells	lose	their	contact	with	the	basement	membrane	and	move	
towards	the	spinous	layer	(Fuchs,	1990).		
	 The	spinous	 layer	 (Stratum	Spinosum)	 is	 a	 region	 characterised	by	 post-
mitotic	 cells	with	high	metabolic	 activity.	 In	 this	 layer,	 cells	 expend	 their	 energy	
producing	a	range	of	structural	proteins	that	will	form	the	cornified	envelope,	in	a	























IFE	 homeostasis.	 Different	 factors	 act	 together	 to	 allow	 the	 continued	 and	 rapid	
maintenance	of	the	IFE,	with	stem	cells	in	the	basal	layer	key	players	in	this	process	



































In	 humans,	 the	 first	 experiments	 suggesting	 the	 existence	 of	 cells	 able	 to	
proliferate	and	reconstitute	 IFE	architecture	 in	vitro	were	performed	by	Howard	


















Watt,	 1993).	 In	 a	 similar	 approach,	 human	 keratinocytes	 cultured	 for	 7	 days	 on	
feeders	and	then	transferred	onto	a	new	feeder	layer	for	further	12	days	founded	
three	 different	 types	 of	 colonies	 based	 on	 their	 proliferative	 capacity	 -	 termed	
paraclones,	 meroclones	 and	 holoclones.	 	 Holoclones	 are	 characterised	 as	 large	







modified	 keratinocytes	 from	 a	 7-year-old	 patient	 with	 junctional	 epidermolysis	
bullosa	(JEB).		In	this	report,	keratinocytes	were	modified	in-vitro	using	lentivirus	
for	 gene	 correction	 and	 expanded	 in	 multiple	 grafts.	 After	 transplantation,	 the	
corrected	 keratinocytes	were	 able	 to	 reconstitute	 the	 entire	 patient’s	 epidermis.	








tissue	self-renew	function	such	as	 the	 testis	and	 intestinal	crypt	stem	cells.	First,	
they	are	not	rare	but	abundant	in	the	skin.	Second,	IFE	stem	cells	are	not	defined	as	
quiescent	cells	but	slow	cycling	cells.	Third,	they	divide	symmetrically	in	the	basal	





In	 summary,	 in	 the	 IFE	 the	 stem	 cell	 function	 could	 be	 distributed	 over	 a	
population	of	undifferentiated	cycling	cells	in	order	to	maintain	IFE	homeostasis,	as	
discussed	in	1.5.	Because	of	these	differences,	some	authors	have	been	calling	those	







Different	 markers	 can	 be	 used	 to	 differentiate	 stem	 cell	 from	 other	


















cell	 clusters	are	 located	 in	a	 region	closer	 to	 the	 skin	 surface	 (Jones,	Harper	and	
Watt,	1995;	Jensen,	Lowell	and	Watt,	1999;	Viswanathan	et	al.,	2016).	
Several	 studies	 using	 human	 primary	 keratinocytes	 in	 vitro	 have	 also	 shown	




neighbouring	 cells.	 	DLL1	 is	 an	example	of	 a	protein	 that	 acts	 in	 this	way	and	 is	
expressed	in	stem	cells	clusters	in	vitro	and	in	vivo	(Lowell	et	al.,	2000;	Lowell	and	
Watt,	 2001).	 While	 using	 stem	 cell	 markers	 it	 is	 possible	 to	 identify	 stem	 cell	












A: stem cells form clusters in human epidermis, and can be identified using markers such as DLL1, high levels of 
beta-integrin 1 and MCSP. B. immunofluorescence staining of beta1-integrin and MCSP. White line shows the rete 
ridges. MCSP and high levels of beta1-integrin can be found on the top of the rete ridges. C – wholemount staining 
of human epidermis showing clusters of stem cell markers in human IFE. Immunostaining B and C obtained from 
Legg et al., 2003.






To	achieve	 epidermal	homeostasis,	 dead	 cells	 in	 the	 cornified	 layers	must	be	
replaced	 by	 new	 cells	 from	 the	 basal	 layer,	 resulting	 in	 a	 balance	 between	




The	 hierarchical	 model	 was	 initially	 proposed	 using	 murine	 epidermis	 and	






we	would	have	 two	different	proliferative	 cells:	 a	 slow-cycling	 cell	population	of	
stem	cells	and	transit-amplifying	cells	that	are	highly	proliferative.		
Some	evidences	between	 in-vivo	 and	 in	 vitro	 approaches	have	 challenged	 the	
hierarchical	model.		In	early	studies,	using	murine	tail	epidermis,	single-cell	lineage	
tracing	was	performed	over	a	year	by	Clayton	and	colleagues	(2007).	Labelling	IFE	









cell	 population	 of	 cells	 would	 maintain	 the	 epidermis.	 More	 recently,	 different	









proliferative	 cells	 would	 not	 have	 a	 hardwired	 programme	 of	 proliferation	 as	
suggested	by	the	hierarchical	mode	for	TA	cells,	since	the	decision	of	proliferate	or	
differentiate	 is	 random	 (or	 determined	 by	 the	 microenvironment)	 and	 not	







According to the hierarchical model a quiescent stem cell (SC) divides and forms transit-amplifying cells (TA): cells 
that are proliferative and committed to differentiation. After a small number of rounds of division TA cells start the 
terminal differentiation (TD) programme. In the stochastic model, on the other hand, the fate of a progenitor cell is 
unpredictable and the decision between differentiation or proliferation is stochastic. Progenitor cells (blue cells) 
would have an 8% chance of forming two committed cells (yellow) cell, an 84% chance of forming a progenitor and a 
committed cell and an 8% chance of forming two progenitors. Figure based on Clayton et al., 2007; Roshan et al., 
2016; Murai et al., 2018. 
 
Despite	 some	 in	 vitro	 evidence	 that	 supports	 the	 stochastic	 model	 the	 exact	
mechanism	 by	 which	 IFE	 cells	 maintain	 homeostasis	 in	 human	 skin	 remains	
unresolved.	 In	 comparison	 with	 mice,	 human	 epidermis	 clearly	 shows	
compartmentalization	 displaying	 at	 least	 two	 undifferentiated	 cell	 populations:	
“stem	cells”	clustering	in	the	top	of	the	rete	ridges	and	“other	proliferative	cells”	in	






















Terminal	 differentiation	 is	 defined	 as	 the	 sequence	 of	 events	 whereby	
undifferentiated	 cells	 in	 the	 basal	 layer	 withdraw	 from	 the	 cell	 cycle	 and	move	
upwards	 to	 the	 skin	 surface,	 forming	 cornified	 squames	 (Watt,	 1989).	 In	 this	












The	 ability	 to	 differentiate	 keratinocytes	 in	 vitro	 opened	 up	 opportunities	 to	
study	 the	 molecular	 mechanisms	 involved	 in	 differentiation.	 	 Not	 surprisingly,	
several	 pathways	 and	 transcription	 factors	 (TFs)	 are	 involved	 in	 this	 process,	















primary	 keratinocytes	 undergo	 terminal	 differentiation	 when	 in	 suspension	 in	
methylcellulose-supplemented	 medium	 (Adams	 and	 Watt,	 1990;	 Hotchin,	
Gandarillas	and	Watt,	1995;	Dazard	et	al.,	 2000;	Mishra	et	al.,	 2017).	 In	a	 report	
published	 by	 Mishra	 and	 colleagues	 (Mishra	 et	 al.,	 2017),	 primary	 human	
keratinocytes	were	cultivated	in	suspension	for	12	hours	and	transcriptomic	and	
proteomic	 data	 were	 obtained	 at	 different	 time	 points.	 After	 validation	 and	
functional	experiments,	it	was	demonstrated	that	the	phosphatases	DUSP6,	PTPN1,	
PPTC7,	 PTPN14	 and	 PPP3CA	 can	 promote	 terminal	 differentiation	 by	 positively	
regulating	AP1	(activator	protein	1)	 transcription	 factors.	On	the	other	hand,	 the	
phosphatase	DUSP10	maintained	 cells	 in	 an	undifferentiated	 state	 (Mishra	et	al.,	
2017).	 	 The	 protein	 phosphatase	 network	 negatively	 mitogen-activated	 protein	
kinase	signalling	(MAPK),	which	is	known	to	be	active	in	stem	cells(Trappmann	et	
al.,	2012).	Keratinocytes	express	a	number	of	different	AP1	factors,	some	of	which	-	





adherent	 cells.	 Single	 human	 keratinocytes	 added	 onto	 circular	 micropatterns	
islands	 containing	 ECM	 can	 induce	 different	 fates	 in	 human	 keratinocytes.	 For	
example,	circular	micropattern	islands	of	20µm	diameter	can	induce	keratinocytes	
to	 differentiate	 while	 in	 50µm	 islands	 the	 same	 effect	 is	 not	 observed.	 	 Most	






on	 the	 top	 of	 different	 topographies	 comprising	 different	 shapes,	 densities	 and	
regularities	in	the	micrometre	scale	(Helling	et	al.,	2018;	Wickström	and	Niessen,	
2018;	 Mobasseri	 et	 al.,	 2019).	 Interestingly,	 some	 topographies	 induce	




from	 the	 one	 observed	 on	 the	 micropatterned	 islands	 (Connelly	 et	 al.,	 2010).	
Moreover,	not	does	restriction	of	adhesive	area,	but	also	biomechanical	properties	
influence	 human	 keratinocyte	 differentiation,	 highlighting	 the	 importance	 of	
extracellular	cues	to	epidermal	homeostasis	(Mobasseri	et	al.,	2019;	Zijl	et	al.,	2019).	
Another	 extrinsic	 factor	 directly	 involved	 with	 cell	 fate	 decisions	 is	 cell-cell	
communication.	As	an	epithelium,	keratinocytes	are	in	constant	contact	with	each	
other	 via	 a	 variety	 of	 intercellular	 junctions,	 including	 adherens	 junctions	 and	
desmosomes	(Green	et	al.,	1987).	In	addition,	other	cell	types,	such	as	immune	cells	
or	melanocytes,	 are	 in	 continual	 communication	with	 keratinocytes	 (Osawa	 and	
Fisher,	2008;	Ambler	and	Watt,	2010;	Golan	et	al.,	2015;	Ali	et	al.,	2017).	 	 In	this	
context,	the	Notch	signalling	pathway	scores	high	as	a	powerful	player	in	terminal	
differentiation.	 In	 the	next	 sections	 I	will	 introduce	 in	detail	 the	Notch	signalling	







after	 cells	 became	 able	 to	 communicate	 and	 organise	 themselves,	 establishing	
different	shapes,	tissues	and	organs.	In	metazoans,	the	complexity	can	be	explained	
by	 only	 invoking	 seven	 different	 pathways	 activated	 by	 cell-cell	 communication:	
Notch;	Wnt;	Hedgehog;	Jak/STAT;	Transforming	Growth	Factor	β	(TGF-β);	nuclear	
receptor	and	RTK	(Receptor	tyrosine	kinase)	(Gerhart	1999).	Those	pathways	have	
distinctive	 and	 sophisticated	mechanisms	 that	 upon	 the	 binding	 of	 a	 ligand	 to	 a	
receptor	 can	 induce	 transcription	 of	 targeted	 genes	 in	 the	 nucleus.	While	 some	
pathways	 are	 more	 straightforward	 such	 as	 Notch,	 other	 pathways	 (Wnt	 and	






Studies	 performed	 by	 John	 S.	 Dexter	 in	 1914	 using	 Drosophila	melanogaster	
reported	an	inherited	mutation	inducing	small	notches	at	the	tip	of	the	wings.	Years	
later,	using	the	same	model,	John	Morgan	identified	different	mutations	and	genes	
that	 can	 induce	 the	 same	phenotype	 (Morgan,	1917)(Figure	5).	Nowadays,	more	
than	100	years	after	the	first	report	of	Notch,	it	is	well	known	that	the	components	
of	 this	pathway	are	expressed	 in	all	 living	animals	and	regulate	different	cellular	





First image of Notched wings by Morgan, 1917. First drawing depicting a female Drosophila melanogaster 
harbouring a mutation that can change the wing morphology, i.e. the observation of small notches in the wing. Red 




Notch	 signalling	 involves	 different	 evolutionarily	 conserved	 ligands	 and	
receptors.	 In	Drosophila	melanogaster,	 there	 is	only	one	Notch	receptor	and	 two	
ligands:	 Serrate	 (Ser)	 and	 Delta.	 	 On	 the	 other	 hand,	 humans	 have	 four	 Notch	
receptor	 paralogues	 (Notch1-Notch4)	 and	 five	 different	 ligands	 divided	 into	 two	
different	families:	Delta-like	(DLL1,	DLL13	and	DLL4)	and	Jagged	(JAG1	and	JAG2)	
(Borggrefe	and	Oswald,	2009;	Andersson,	Sandberg	and	Lendahl,	2011;	Bray,	2016).	
Despite	 its	 importance	 in	 different	 cell-fate	 decisions	 from	 embryogenesis	 to	
adult	cells	(Penton,	Leonard	and	Spinner,	2012;	Hori,	Sen	and	Artavanis-Tsakonas,	
2013;	Siebel	and	Lendahl,	2017),	 the	core	of	Notch	signalling	 is	 relatively	simple	
(Figure	 6).	 The	 canonical	 Notch	 signalling	 pathway	 begins	when	 a	 ligand	 in	 the	
plasma	membrane	of	one	cell	interacts	with	a	receptor	in	the	plasma	membrane	of	
an	adjacent	cell.	The	binding	changes	the	conformation	of	the	Notch	receptor	and	
two	 proteolytic	 cleavage	 events	 occur.	 First,	 ADAM10,	 a	 disintegrin	 and	




notch	 intermediate	 molecule	 termed	 NEXT	 (Notch	 extracellular	 truncation)(van	
Tetering	et	al.,	2009).		








DNA	 acting	 as	 a	 transcriptional	 repressor	 (Gomez-Lamarca	 et	 al.,	 2018).	 	 In	 this	
negative	 regulation	 context,	CSL	acts	 in	 collaboration	with	 co-repressors	 such	as	
MINT	 (MSX2-interacting	 protein,	 also	 known	 as	 SPEN	 or	 SHARP)(Oswald	 et	 al.,	
2002;	Yuan	et	al.,	2019),	SMRT/NCoR	(silencing	mediator	of	retinoid	and	thyroid	






However,	 several	 studies	 have	 been	 challenging	 the	 ability	 of	 NICD	 to	 displaces	
NICD	(Krejčí	and	Bray,	2007;	Vanderwielen	et	al.,	2011;	Collins,	Yuan	and	Kovall,	




remains	 to	 be	 elucidated	 it	 is	 proposed	 that	 NICD-CSL	 complexes	 increase	






	A	 fully	 functional	 transcription	 activation	 complex	 is	 formed	 when	 the	









cyclin-dependent	 kinase	 CDK8	 and	 the	 glycogen	 synthase	 kinase	 3β	 (GSK-3β)	
(Espinosa	 et	 al.,	 2003)	 leading	 to	 its	 ubiquitination	 and	 further	 proteasomal	
degradation	 by	 E3	 ubiquitin	 ligases	 that	 can	 include	 FBXW7	 (F-box	 and	WD-40	
domain	protein	7),		also	known	as	FBW7	(Nakayama	and	Nakayama,	2006;	Welcker	







(1) Notch signalling is induced when a ligand from a neighbouring cell binds to a Notch receptor. (2) This interaction 
changes the receptor conformation, allowing metalloproteinases to cleave the S2 region. (3) Further, a second 
cleavage mediated by y-secretase occurs in the cleavage site S3, releasing the Notch intracellular domain (NICD or 
ICN) (4) NICD is transported to the nucleus where it binds to CSL and forms an activator complex inducing the 


























conformation	 that	 prevents	 the	 access	 of	 ADAM	 protein	 (metalloproteinase	 and	
disintegrin)	to	the	cleavage	site	S2	(Gordon	et	al.,	2009).	
The	 Notch	 intracellular	 domain	 (NICD)	 is	 composed	 of	 an	 RBPJ-associated	
molecule	 (RAM),	 followed	 by	 seven	 consecutive	 ankyrin	 repeats	 (ANK),	 a	
transactivation	 (TAD)	 domain	 and	 a	 C-	 terminal	 enriched	 proline,	 glutamic	 acid,	
serine,	 threonine	 (PEST)	 domain	 (Figure	 7).	 	 After	 cleavage	 and	 further	
translocation	 to	 the	 nucleus,	 RAM	 forms	 a	 strong	 association	 with	 CSL	 (RBPJ)	
(Tamura	et	al.,	1995;	Wilson	and	Kovall,	2006).	ANK	is	required	to	establish	the	CSL-
NOTCH(NICD)-Mastermind	 complex	 and	 subsequent	 transcription	 activation	
(Jarriault	et	al.,	1995;	Nam	et	al.,	2003).	The	domain	TAD	is	only	found	in	Notch-1	
and	Notch-2,	 and	 it	 is	 existence	 suggests	differences	 in	 transcriptional	 activation	
between	 different	 Notch	 paralogues.	 Finally,	 the	 PEST	 domain	 is	 involved	 in	







Figure modified and adapted from Gordon et al., 2008. A. Notch receptor structure in D. melanogaster and humans 
showing the different domains of the extracellular domain (ECD) and intracellular domain (ICD). S1, S2 and S3 are 

























a	Notch	 receptor	 in	 an	 adjacent	 cell,	 inducing	proteolytic	 events	 that	 release	 the	
Notch	intracellular	domain	and	activates	Notch	signalling	in	the	adjacent	cell.	In	this	
context,	when	 two	cells	 communicate	and	Notch	 is	 induced	 in	one	of	 them,	 their	
interaction	 is	 denoted	 transactivation	 (Artavanis-Tsakona,	Rand	 and	Lake,	 1999;	
Bray,	2016).	However,	the	presence	of	several	receptors	and	ligands	on	the	same	
cell	surface	 is	not	uncommon.	 In	this	scenario,	cells	must	have	a	mechanism	that	
distinguishes	 when	 they	 are	 receiving	 or	 sending	 a	 Notch	 signal	 (Sprinzak,	
Lakhanpal,	LeBon,	et	al.,	2010).		
Several	 modulatory	 mechanisms	 are	 involved	 in	 sending-or-receiving	 signal	











dorsal-ventral	 boundary	 where	 Notch	 is	 continually	 activated.	 Remarkably,	
overexpression	of	either	ligand	ended	Notch	signalling	in	those	cells	(de	Celis	and	




and	 Schweisguth,	 2011),	 and	 also	 in	 mammalian	 cells,	 including	 cells	 making	
tip/stalk	fate	decisions	during	angiogenesis	(Boareto	et	al.,	2015).	
The	 precise	molecular	mechanism	 that	 induces	 cis-inhibition	 of	Notch	 is	 still	

















A: Left top figure adapted from Leblon 2014. The balance between the amount of Notch receptors and ligands define 
whether a cell will have a receiving or a sending state. B: Ligands and receptors in the same cell surface can interact 
and induce cis-inhibition of Notch signalling. C- Two adjacent cells in different states can interact and induce Notch 






explain	 the	 complexity	 of	 Notch	 signalling.	 Additional	 proteins	 are	 involved	
determining	Notch-mediated	cell	 state	and	 fate	decisions	(Bray,	2016).	 	Amongst	






ligands	 and	 receptors,	 ubiquitylation,	 endocytosis	 and	 trafficking	 (Irvine,	 2008;	
Stanley	and	Okajima,	2010).		
Before	 the	 integration	 into	 the	 plasma	 membrane,	 DSL	 and	 Notch	 undergo	
complex	post-translational	modifications	(PTM)	in	the	endoplasmic	reticulum	(ER)	





the	 route	 to	 the	 plasma	 membrane,	 Notch	 is	 cleaved	 inside	 the	 trans-Golgi	
compartment	 at	 the	 S1	 site,	 next	 to	 the	 transmembrane	 domain.	 This	 event	 is	
performed	by	a	furin-like	convertase	and	results	in	two	non-covalently	associated	




linked	 fucosylation	 (O-Fuc)	 (Yu	 and	 Takeuchi,	 2019)	 and	 O-GlcNAcylation	 (O-
GlcNAc)	(Matsuura	et	al.,	2008).	These	modifications	occur	at	specific	sites	on	the	













A,	 alanine	 and	X,	 any	 amino	 acid)	 (Rana	 et	 al.,	 2011;	 Takeuchi	 and	Haltiwanger,	
2014;	Harvey	et	al.,	2016).	The	consensus	sequence	that	mediates	the	attachment	of	
O-linked	 N-acetylglucosamine	 (O-GlcNAc)	 was	 clarified	 only	 recently	 as	
C5xxGx(T/S)GxxC6,	which	is	modified	by	the	enzyme	EGOT1	(O-GlcNAc	transferase)	







O-glucose (blue circle) is attached to a consensus amino acid sequence in EGF repeats by the enzyme POGLUT1 and 
can be elongated with xylose molecules by GXYLT1/GXYLT2 and XXXYLY1. O-fucose can be elongated by Fringe 
proteins adding an N-Acetylglucosamine (blue square) followed by galactose and sialic acid via the enzymes B4GALT1 
and a2,36SIAT. O-GlcNac fragments can be added to the EGF repeats through EOGT; elongation steps are not 
observed in this type of modification. Figure obtained from the book ‘Molecular Mechanisms of Notch Signalling’, 
Borggrefe et al., 2018. 
	
O-glucose	monosaccharides	can	be	elongated	by	the	addition	of	two	sequential	
xyloses.	 In	 mammals,	 the	 first	 xylose	 is	 attached	 by	 GXYLT1	 and	 GXYLT2	
transferases	(Shams,	in	Drosophila)	and	the	second	by	XXYLT1	transferase,	forming	
a	 trisaccharide.	 	 In	 recent	 years,	 studies	 have	 shown	 that	 glucosylation	 is	






processes,	 highlighting	 the	 importance	 of	 this	 enzyme	 to	 Notch	 signalling	
(Fernandez-Valdivia	et	al.,	2011).		
	 Elongation	 of	 O-fucose	 can	 be	 achieved	 in	 3	 different	 steps.	 First,	 β1-3N-	
acetylglucosamine	 is	 added	 to	 O-fucose	 by	 Fringe	 (Fng)	 glycosyltransferases.	
Secondly,	 a	 galactosyltransferase	 (β4GalT-1)	 inserts	 a	 galactose	 (Gal)	 on	 the	
disaccharide.	Then,	a	tetrasaccharide	can	be	formed	with	the	addition	of	a	sialic	acid	









	 				In	 Drosophila,	 there	 is	 one	 Fringe	 gene	 (FNG)	 that	 encodes	 the	
glycosyltransferase	 responsible	 for	 the	 elongation	 of	 O-fucose	 residues	 in	 EGF	
repeats	 (Irvine,	 1994).	 	 Three	 Fringe	 orthologs	 are	 found	 in	 mammals:	 Lunatic	
Fringe	(LFNG),	Radical	Fringe	(RFNG)	and	Manic	Fringe	(MFNG).		Those	genes	are	





LFNG	 and	 MFNG	 promote	 NECD	 modifications	 that	 decrease	 the	 affinity	 of	 the	
receptor	 for	 Jagged	 ligands.	 Changes	mediated	 by	 RFNG,	 on	 the	 other	 hand,	 can	
increase	 Jagged-binding	 efficiency.	 In	 this	 scenario,	 cells	 expressing	 Lunatic	 and	
Manic	 fringe	 would	 receive	 signal	 preferentially	 from	 Delta-like	 ligands.	 Cells	
containing	active	RFNG	would	receive	Notch-signalling	from	all	ligands	(Yang	et	al.,	
2005;	 Irvine,	 2008;	 Xu,	 Usary,	 Philaretos	 C.	 Kousis,	 et	 al.,	 2012;	 Kakuda	 and	












A.	 Figure	 adapted	 from	 Kakuda	 &	 Haltiwanger	 (2017).	 EGF	 repeats	 in	 mouse	 Notch1	 containing	






Activating mark for Dll1 and J1
Activating mark for DLL1
Inhibiting mark for J1
Unmodified EGF 
Ligand binding Abruptex region
EGF with predicted O-fucosylation site
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Table	1	 shows	different	processes	 that	 fringe	proteins	 are	 associated	with	 in	
mammals.	When	compared	to	all	 three	orthologs,	Lunatic-Fringe	seems	to	be	the	
most	 involved	 in	 development	 and	 homeostasis(Visan	 et	 al.,	 2006;	 Zhang	 et	 al.,	
2014;	 Semerci	 et	 al.,	 2017).	 Studies	 have	 shown	 that	 knockout	 of	 LFNG	 in	mice	
results	in	embryonic	lethality.		Conversely,	MFNG	and	RFNG	knock	out	is	not	lethal	
(Zhang,	Norton	and	Gridley,	2002;	Moran	et	al.,	2009).		
It	 is	proposed	 that	LFNG	knockout	would	 induce	a	 lethal	phenotype	due	 it	 is	
involvement	in	somitogenesis.		In	mice	and	chickens,	LFNG	has	a	cyclic	expression	
pattern	 and	 acts	 in	 the	 synchronization	 of	 clock	 oscillations	 in	 the	 presomitic	
mesoderm	(PSM)	 (Evrard	et	al.,	 1998;	Williams	et	al.,	 2016b).	 	 In	humans,	LFNG	
mutations	 can	 be	 found	 in	 patients	 with	 spondylocostal	 dysostosis	 (SCDO)	 and	
congenital	 scoliosis	 (CS)	 (Sparrow	et	 al.,	 2005;	Takeda	et	 al.,	 2018;	Otomo	et	 al.,	
2019).	 SCDO	 is	 a	 developmental	 disorder	 characterized	 by	 segmentation	 defects	
affecting	 the	 vertebrae,	 and	 CS	 is	 skeletal	 dysplasia	 characterized	 by	 a	 lateral	







Organ/Tissue/Process FNG involved Reference Organism
Angiogenesis LFNG Benedito, 2009 mice/human
Intestinal Homesotasis LFNG / RFNG Kadur, 2018 mice
T-cell development LFNG Visan, 2006 muce/human
Claudin-low breast cancer (CLBC) LFNG Chung, 2017 mice
Basal-Like Breast Cancer LFNG Xu et al, 2012 mice
Prostate Cancer LFNG Zhang, 2014 mice
Colorectal Cancer MFNG López-Arribillaga, 2018 mice
Brain Endothelial Barrier maintenance LFNG Derada, 2018 human
Neural Stem Cells LFNG Semerci, 2017 mice
Organ of Corti LFNG/MFNG Basch, 2016 mice
Ventricular chamber development MFNG D'Amato, 2015 mice/ zebrafish
Neuronal Stem Cells LFNG Lorens-Bobasilla, 2015 mice
Lung development LFNG Xu, 2010 mice
Spondylocostal dysostosis LFNG Nao Otomo, 2019 human
Somitogenesis LFNG Evrard, 1998 mice
Congenital Scoliosis LFNG Takeda, 2018 human






In	 mammals,	 Fringe	 has	 been	 associated	 with	 the	 tip/stalk	 selection	 during	
angiogenesis(Benedito	et	al.,	2009).	Angiogenesis	is	a	process	that	forms	new	blood	
vessels	 from	 pre-existing	 ones	 and	 requires	 a	 coordinated	 process	 involving	







expression	 of	Delta-ligand	4	 (DLL4)	 and	 other	 genes	 associated	with	 the	 tip	 cell	
phenotype	(Simons,	Gordon	and	Claesson-Welsh,	2016).	Those	cells	are	migratory	
and	 contain	 filopodia	which	 guide	 them	 through	 gradients	 of	 angiogenic	 factors	





















would	 induce	 tip	 selection	 and	 antagonize	 DLL4/Notch	 activity	 (Benedito	 et	 al.,	
2009).	 	 One	 of	 the	 proposed	 mechanisms	 is	 that	 JAG1	 present	 in	 the	 stalk	 cell	
membrane	would	activate	the	Notch	receptors	in	tip	cells,	inducing	tip	selection.	It	






In	 summary,	 tip/stalk	 selection	 is	 an	 excellent	 example	 of	 a	 phenomenon	
whereby	 different	 Notch	 ligands	 can	 induce	 different	 outcomes(Kume,	 2009;	
Antfolk	 et	 al.,	 2017).	 Also,	 it	 shows	 how	 co-expression	 of	 multiple	 ligands	 and	
receptors	 elicits	 different	 cis	 or	 transactivation	 probabilities.	 One	 of	 the	





				Different	 adult	 stem	 cells	 in	 their	 niches	 appear	 to	 be	 involved	 in	 Notch	
signalling	 of	 similar	 complexity,	 as	 shown	 by	 recent	 studies	 of	 neuronal	 and	
intestinal	stem	cells	(Semerci	et	al.,	2017;	Lakshminarasimha	Murthy	et	al.,	2018;	
López-arribillaga	et	al.,	2018).	In	mouse	hippocampal	neural	stem	cells	(NSC)	LFNG	
is	 selectively	 expressed	 in	 stem	 cells	 and	mediates	 the	 communication	 between	






crypt	 base.	Moreover,	 in	 the	 crypt	 and	 villus	 low	 levels	 of	 Notch	 activity	 induce	
differentiation	into	secretory	cells	while	high	levels	of	Notch	induce	differentiation	
into	 absorptive	 cells	 (Heath,	 2010;	 Vandussen	 et	 al.,	 2012).	 Murthy	 and	
collaborators	 recently	described	 fringe	proteins	acting	 in	different	 regions	of	 the	





LFNG,	which	 suppresses	 the	 induction	 of	 secretory	 cells.	 It	 is	 still	 not	 clear	 how	
RFNG	 and	 LFNG	 act	 on	 those	 cells,	 but	 the	 same	 study	 shows	 that	 both	 fringe	
proteins	 induce	 the	expression	of	Delta-ligands	 (Dll1	and	Dll4)	autonomously.	 In	














NOTCH1,	 NOTCH2	 and	 NOTCH3	 expression	 in	 adult	 IFE	 has	 been	 well	
documented	in	mice	and	occurs	mainly	in	the	suprabasal	layers	(Watt,	Estrach	and	
Ambler,	2008).	In	humans,	NOTCH1	is	expressed	in	all	layers,	NOTCH2	is	localized	
in	 the	 basal	 layer	 and	 NOTCH3	 in	 the	 suprabasal	 layers	 (Lowell	 et	 al.,	 2000;	 B.	
Nickoloff	et	al.,	2002;	Thélu,	Rossio	and	Favier,	2002).	Low	expression	of	Notch	4	
has	 also	 been	 reported	 in	 some	 studies	 (Nickoloff	 et	 al.,	 2002).	 Despite	 the	




basal	 layer,	 while	 JAG1	 is	 predominantly	 expressed	 in	 the	 suprabasal	 layers	
(Lindsell	et	al.,	1995;	Luo	et	al.,	1997;	Watt,	Estrach	and	Ambler,	2008).	Using	in-situ	







Nuclear	NICD	and	activation	of	Notch	 targets	 is	 only	 found	 in	 the	 suprabasal	
layers	 (Estrach	 et	 al.,	 2006;	 Nguyen	 et	 al.,	 2006).	 This	 is	 reinforced	 by	 studies	
showing	 that	 Notch	 activity	 occurs	 predominantly	 in	 cells	 committed	 or	 at	 the	








and	 Gain-of-function	 of	 RBPJ-k	 (CSL)	 experiments	 in	 mice	 show	 that	 Notch	
activation	in	the	suprabasal	layers	is	RBPJ-k	dependent.	(Blanpain	et	al.,	2006).		
In	mouse	skin,	 it	has	been	shown	that	Notch	pathway	activity	 is	downstream	







keratinocytes,	 RBPJ	 targets	 the	 p21	 promoter	 stimulating	 expression	 in	






in	 the	 spinous	 layer	 and	 ablation	 of	 RBPK-j	 downregulates	 HES1	 expression	





In	 human	 epidermis,	 in	 vitro	 experiments	 show	 that	 HES1	 is	 induced	 by	 the	










The	 interferon	 regulator	 factor	 6	 (IRF6)	 is	 another	 primary	 Notch	 target	 in	
human	keratinocytes	in	vitro	(Restivo	et	al.,	2011).	Immunofluorescent	analysis	of	









In	 IFE	 several	 pathways	 orchestrate	 the	 balance	 between	 differentiation	 and	
proliferation.	 While	 Notch	 signalling	 induces	 cell	 growth	 arrest	 and	 terminal	
differentiation,	 other	 pathways	 such	 as	 EGF	 (Epidermal	 growth	 factor)	 and	 p63	
transcription	factors	can	counteract	Notch	action	promoting	stem	cell	maintenance	
and	 proliferation	 (Figure	 11)(Truong	 and	Khavari,	 2007;	Dotto,	 2009;	Wu	 et	 al.,	
2012).	
P63	belongs	 to	 the	p53	 family	 of	 transcription	 factors	 and	 is	 associated	with	
stem	cell	maintenance	in	different	epithelia,	such	as	prostate,	bladder,	rectum	and	
mammary	gland	 (Cheng	et	al.,	 2006;	Pignon	et	al.,	 2013).	Through	differences	 in	
promoter	usage	and	alternative	splicing	the	P63	gene	forms	6	different	isoforms,	of	








(Pellegrini	 et	 al.,	 2001).	 Knockdown	 experiments	 using	 siRNAs	 targeting	 p63	 in	
keratinocytes	and	further	cultivation	in	organotypic	cultures	has	shown	a	reduction	

















Figure 11. Crosstalk between Notch and p63 in IFE. 
A. P63 activity is higher in proliferative cells in the basal layer. Conversely, Notch activity is higher in the suprabasal 
layer. B- Cross talk between different players in proliferation/differentiation homeostasis. P63 can induce the 
expression of integrins and Wnt, molecules involved in maintaining residence of cells in the basal layer. P63 
downregulates HES1, a Notch target. Notch activation induces early differentiation markers such as Keratin 1 (K1) and 
Keratin 10 (K10) and Notch targets (p21 and HES1). On the other hand, Notch blocks p63 in collaboration with IRFs, 






















In	 addition	 to	 its	 ability	 to	mediate	 terminal	 differentiation,	Notch	 acts	 as	 an	
effective	 tumour	 suppressor	 in	 the	 IFE	 (Dotto,	 2009;	 Panelos	 and	Massi,	 2009).	
Distinct	 studies	 have	 shown	 that	 ablation	 of	 Notch1	 in	 mouse	 skin	 induces	









(Agrawal	 et	 al.,	 2011;	Hayes	 et	 al.,	 2016).	 In	 the	 study	 performed	 by	Hayes	 and	
colleagues	(2016)	it	was	observed	that	majority	of	the	mutations	affected	the	EGF	
repeats	 of	 the	 NECD,	 suggesting	 that	 this	 mutations	 unpairs	 the	 differentiation	
programme	mediated	by	Notch.	Overexpressing	of	NICD	in	a	SCC	cell	line	containing	











impaired	 Notch-activated	 in	 keratinocytes	 stem	 cells	 as	 Notch	 induces	 terminal	
differentiation	program.		
Delta-like	ligand	1	(DLL1)	expression	is	restricted	to	the	stem	cell	compartment	
in	 the	 IFE.	 In	 vitro	 studies	 using	 primary	 keratinocytes	 have	 shown	 that	 cells	
expressing	 DLL1	 have	 a	 stem-cell-like	 transcriptome	 (Tan	 et	 al.,	 2013).	
 
48 
Furthermore,	 Dll1	 overexpression	 increases	 stem	 cell	 adhesion,	 increasing	 their	
propensity	to	remain	united	with	each	other	and	forming	clumps	(Lowell	and	Watt,	
2001;	 Soline	 Estrach,	 Legg	 and	Watt,	 2007).	 In	 vitro	 experiments	 using	 primary	
keratinocytes	overexpressing	Dll1	have	also	shown	that	neighbouring	cells	increase	
their	 differentiation,	 illustrating	 an	 example	 of	 trans-activation	 of	 Notch.	
Interestingly,	 differentiation	 was	 not	 observed	 in	 cells	 overexpressing	 DLL1,	
suggesting	a	cis-inhibitory	mechanism	in	those	cells	(Lowell	and	Watt,	2001;	Soline	
Estrach,	 Legg	 and	Watt,	 2007).	 This	 non-autonomous	 effect	 on	 differentiation	 is	
particularly	significant	in	establishing	borders	and	cell	clusters	in	IFE	(Watt,	Estrach	
and	Ambler,	2008).	However,	a	particular	challenge	for	understanding	Dll1	function	




the	 same	study	 showed	 that	 this	mutation	 can	 led	 to	 a	decrease	 in	 cohesiveness	
mediated	by	Dll1	and	this	would	be	mediated	by	syntenin-1	(Estrach,	Legg	and	Watt,	









scenario,	 multiple	 ligands	 could	 guarantee	 sequential	 activation	 of	 cells	 moving	












terminal	 differentiation	 program.	 The	 balance	 between	 proliferation	 and	
differentiation	 maintains	 epidermal	 homeostasis.	 Activation	 of	 Notch	 induces	
growth	arrest	and	terminal	differentiation,	counteracting	the	proliferation	signals	














I	 hypothesised	 that	 different	 Notch	 ligands	 have	 distinct	 roles	 in	 the	 IFE	
maintenance.		We	interrogated	if	Dll1	would	act	cis-inhibiting	Notch	signalling	and	





















were	 resuspended	 in	FAD	medium	 (2.1.6)	 and	 seeded	 in	 a	plastic	 flask	 (Thermo	
Fisher	Scientific)	containing	a	feeder	layer	composed	by	mitotically	inactivated	3T3-
J2	mouse	cells.	Cells	were	maintained	at	37oC	and	5%	CO2	in	a	humidified	incubator	




to	 remove	 J2-3T3	 cells,	 keratinocytes	were	 incubated	with	 a	 solution	 of	 trypsin-
EDTA	(0.05%)	(Sigma	Aldrich)	and	Versene	(Life	Technologies,	1:5)	at	37oC	for	5	






To	reseed	cells	 in	T75	or	T175	 flasks,	3x105	 or	5x105	 cells	were	 respectively	
used.	 For	 experiments,	 the	 number	 of	 keratinocytes	 used	 is	 detailed	 in	 the	
experiments	 section	 (section	 2.8).	 	 3T3-J2	 Cells	 were	maintained	 for	 up	 to	 nine	
passages,	and	all	the	experiments	were	performed	with	Km	or	Kn	between	passages	






sequences	 (control)	 (Estrach,	 Legg	 and	 Watt,	 2007).	 Cells	 were	 infected	 by-co	
culturing	human	keratinocytes	with	AM12	retrovirus	cells	containing	DeltD	or	GFP	






and	 Green,	 1975).	 On	 thawing,	 cells	 were	 resuspended	 in	 J2-3T3	 DMEM	media	
containing	serum	and	incubated	at	37oC.	Media	were	changed	every	two	or	three	
days	until	confluence.	Cells	were	resuspended	by	leaving	in	Versene/Trypsin-EDTA	
(0.25%)	 (1:5)	 for	 3	 minutes.	 After	 trypsin	 inactivation	 in	 medium	 cells	 were	





cells	 were	 reseeded	 in	 T75	 or	 T175	 flasks	 (3x106	 or	 4x106,	 respectively).	 The	















wash	 in	 phosphate	 buffered	 saline	 (PBS,	 Sigma	 Aldrich)	 cells	were	 resuspended	
after	two	minutes	in	Versene	at	room	temperature.	Cells	were	transferred	to	a	15	
mL	 falcon	 tube	 and	 centrifuged	 for	 150	 x	 g	 for	 3	 minutes.	 Then,	 cells	 were	
resuspended	 in	 supplemented	 DMEM	 medium	 and	 counted	 using	 a	






diagnosed	with	 oral	 squamous	 cells	 carcinoma	 (SCC)	 at	 Addenbrooke’s	 Hospital	
(Cambridge,	United	Kingdom).	The	usage	of	this	lines	was	in	compliance	with	the	
UK	 Human	 Tissue	 Act	 (2004)	 and	 with	 appropriate	 ethical	 approval	 from	 the	
National	 Research	 Ethics	 Service	 (08/H0306/30).	 Cell	 lines	were	 isolated	 by	Mr	
Simon	Broad	as	the	same	way	as	described	by	Rheinwald	and	Becket,	1981.	Cells	






Dr	Oliver	Culley	 (CSCRM/	King’s	College	London)	 following	 the	protocol	used	by	














(Life	 Technologies),	 100U/ml	 penicillin	 (Life	 Technologies),	 10	 ng/ml	 epidermal	


















	 HEK-293	 cells	 were	 maintained	 in	 DMEM	 (Dulbecco’s	 Modified	 Eagle’s	






























EDTA	 (Thermo	 Fisher	 Scientific),	 5mM	 NaCl	 (Sigma	 Aldrich),	 1%	 SDS	 (Sigma	
Aldrich),	1%	IGEPAL	(Sigma	Aldrich),		1%	Tween-20	(Severn	Biotech	Ltd)	and	0.8	
mg/mL	of	Proteinase-K	(Invitrogen)	diluted	in	distilled	water.		The	plate	was	sealed	
and	 incubated	 in	a	water	bath	at	55oC.	After	12	hours,	5	µl	of	5mM	NaCl	 (Sigma	
Aldrich)	was	added,	followed	by	the	addition	of	50µl	of	100%	Isopropanol	(Sigma	
Aldrich)	to	precipitate	genomic	DNA.	Cells	were	maintained	for	20	minutes	at	-20oC	






















Human	 skin	 was	 obtained	 from	 the	 discarded	 tissue	 of	 patients	 undergoing	
routine	 surgical	 procedures.	 This	 work	 was	 ethically	 approved	 by	 the	 National	
Research	 Ethics	 Service	 (REC:14/NS/1073).	 Tissue	 was	 fragmented	 into	 small	
pieces	and	left	for	12	hours	at	4oC	in	a	solution	containing	0.2%	Dispase	(Corning).	
After	this	period,	the	epidermis	and	dermis	were	separated	using	tweezers.	The	skin	
fragments	 were	 then	 added	 immediately	 to	 tubes	 containing	 4mL	 of	 TrypLE	
(Thermo	 Fisher	 Scientific).	 After	 10	minutes,	 the	 solution	 was	 collected	 using	 a	
pipette	and	centrifuged	at	150	x	g	for	5	minutes.	After	two	washes	with	PBS,	total	
RNA	 was	 extracted	 using	 the	 PureLink-RNA	 Mini-Kit	 according	 to	 the	







lysed	 with	 350	 μl	 RLT	 Lysis	 Buffer	 (Qiagen)	 containing	 1%	 β-mercaptoethanol	
(Sigma	Aldrich).	Then,	RNA	was	isolated	using	the	Qiagen	RNeasy	mini	kit	(Qiagen).	










	 To	 synthesize	 complementary	 DNA	 (cDNA)	 the	 SuperScript	 III	 Reverse	
Transcriptase	kit	(Life	Technologies)	was	used.	The	amount	of	RNA	used	to	prepare	
cDNA	was	 dependent	 on	 the	 total	 RNA	 available	 in	 each	 experiment	 but	 always	
between	100-500ng	of	RNA.	The	protocol	used	was	the	same	one	described	by	the	





Real-time	 quantitative	 PCR	 (RT-qPCR)	 reactions	 were	 performed	 using	
TaqMan™	probes	(Invitrogen)	or	pairs	of	oligonucleotides	(primers).	For	reactions	
using	 TaqMan,	 the	 TaqMan™	 Fast	 Universal	 PCR	Master	Mix	 (2X)	was	 used	 and	











Gene Name Gene Symbol TaqMan Assay  ID
 O-fucosyltransferase 1 POFUT1 Hs00382532_m1
Delta-Like Ligand 1 DLL1 Hs.379912_m1 
Glyceraldehyde-3-phosphate dehydrogenase GAPDH Hs02758991_g1 
Hes family bHLH transcription factor 1 HES1 Hs00172878_m1 
Hes family bHLH transcription factor 2 HES2 Hs01021800_g1
Hes family bHLH transcription factor 4 HES4 Hs00970270_g1 
Hes family bHLH transcription factor 5 HES5 Hs01387463_g1
Hes family bHLH transcription factor 6 HES6 Hs05043218_s1
Hes family bHLH transcription factor 7 HES7 Hs00261517_m1
Hes related family bHLH transcription factor with YRPW motif 1 HEY1 Hs01114113_m1 
Interferon regulatory factor 6 IRF6 Hs01062178_m1 
Involucrin IVL Hs00846307_s1 
Jagged 1 JAG1 Hs01070032_m1
Jagged 2 JAG2 Hs00171432_m1
Lunatic Fringe LFNG Hs00385436_g1
Manic Fringe MFNG Hs00159117_m1 
NUMB, endocytic adaptor protein NUMB Hs01105433_m1
Radical Fringe RFNG Hs01357010_g1
Ribossomal protein S18 RPS18 Hs01375212_g1 
TATA-box binding protein TBP Hs00427620_m1 
Tumor protein p63 TP63 Hs00978340_m1 
Hes related family bHLH transcription factor with YRPW motif 2 HEY2 Hs01012057_m1


























Taqman ® Fast Universal PCR Master Mix (2x) 5
TaqMan ® Probe 0.5
Nuclease Free Water 2.5
cDNA 2
Total Volume 10
Gene	Name Gene	Symbol Primer	Forward Primer	Reverse
Hes	family	bHLH	transcription	factor	1 HES1 AAAAATTCCTCGTCCCCGGT ATGCCGCGAGCTATCTTTCT
Ribossomal	protein	S18 18sRNA GCAATTATTCCCCATGAACG GGCCTCACTAAACCATCCAA
DeltaNp63	-	p63	isoform dNtp63 TCCTCAGGGAGCTGTTATCC TGACTAGGAGGGGCAATCTG
Dual	Specificity	Phosphatase	6 DUSP6 ACCTGGAAGGTGGCTTCAGT CTCGGTCAAGGTCAGACTCG
Envoplakin EVPL TGCAGCACGTGGAGGACTACC CTGTTGCAGCAGCTCTGTGGGG
Hes	related	family	bHLH	transc.		factor	with	YRPW	motif1 HEY1 GTTCGGCTCTAGGTTCCATGT CGTCGGCGCTTCTCAATTATTC
Interferon	regulatory	factor	6 IRF6 GCTCTCTCCCAATGACCTGGA CCATGACGTCCAGCAGCTTGCTA
Integrin	subunit	alfa	6 ITGA6 CGCTGGGATCTTGATGCTTGCT TGAGCATGGATCTCAGCCTTGTGA
Integrin	subunit	beta	1 ITGB1 GACGCCGCGCGGAAAAGATG ACCACCCACAATTTGGCCCTGC
Involucrin	 IVL TCCTCCAGTCAATACCCATC CAGCAGTCATGTGCTTTTCCT
Notch	Receptor	1 NOTCH1	 TCCACCAGTTTGAATGGTCA AGCTCATCATCTGGGACAGG
Notch	Receptor	2 NOTCH2 GATCACCCGAATGGCTATGAAT GGGGTCACAGTTGTCAATGTT
Notch	Receptor	3 NOTCH3 TGGCGACCTCACTTACGACT CACTGGCAGTTATAGGTGTTGAC
Notch	Receptor	4 NOTCH4 TGTGAACGTGATGTCAACGAG ACAGTCTGGGCCTATGAAACC
NUMB,	endocytic	adaptor	protein NUMB GGCATACAGAGGTTCCTACA TGCTCCTTTGACCGCTAC
Periplakin PPL GCAGAGTGACCTGGCTCGGCT GCCGCATCCGCCTCTAGCAC
TATA-box	binding	protein	 TBP GTGACCCAGCATCACTGTTTC GAGCATCTCCAGCACACTCT
Transglutaminase	1 TGM1 GCACCACACAGACGAGTATGA GGTGATGCGATCAGAGGAT
Zebra-Fish	Delta	ligand-like	 zDLL ATGGAGGACGCAACTGTCAG CGCCGATCAGCACTAAAAGC
Component Volume	for	one	reaction	(μl)
SYBR Green (2x) 5
Oligonucleotides (Primers) 1.25	(Final	concentration	=	0.3125μM)






































Step Number	of	cycles Time	 Temperature (oC)
1 x1 3	minutes 95
2 x40 3	seconds 60
60	seconds 95






LB-broth/Ampicillin	 liquid	 and	 incubated	 overnight	 at	 37oC	 and	 220	 rpm.	 The	
following	day,	a	cell	pellet	was	obtained	after	centrifugation	at	4°C	 for	45	min	at	
1500	 x	 g.	 Plasmids	 were	 purified	 with	 Endo	 Free	 Plasmid	Maxi	 Kit	 (Qiagen)	 or	
Macherey-Nagel™	NucleoBond™	Xtra	Maxi-EF	(Thermo	Fisher	Scientific)	according	








	 Plasmids	 and	 PCR	 products	 were	 validated	 using	 the	 Sanger-sequencing	









insert	 a	 guide-RNA	 targeting	 the	 end	 of	 the	 gene	 Dll1	 was:	
“GATCGGGGGGGCCACAAGACAAATG”	 (Primer	 Forward)	 and	
“AAACCATTTGTCTTGTGGCCCCCCC“	 (Primer	 Reverse).	 	 Plasmid	 was	 confirmed	
after	propagation	by	sequencing.		
	
Plasmid Name Supplier Catalog Number 
MISSION®  DLL1  shRNA Sigma-Aldrich TRCN0000033367
MISSION®  LFNG  shRNA Sigma-Aldrich TRCN0000158361
MISSION®  RFNG  shRNA Sigma-Aldrich TRCN0000158361
MISSION® LentiORF LFNG Sigma-Aldrich TRCN0000466400
MISSION® TRC3 ORF GFP Lentivirus Control Sigma-Aldrich ORFGFP
pBlueScript II SK (+) Dr. Ivo Lieberam (King's College London) 212205
pCAS-Guide vector Origene GE100002
PGKDTAbpa Addgene 13440
pMD2.G Addgene 12259







described	 in	 Chapter	 4.	 For	 fragment	 amplifications	 “Herculase-II	 Fusion-









genomic	 DNA	 extracted	 with	 a	 “Genomic	 DNA	 Purification	 Kit”	 (Sigma	 Aldrich).	
Fragment	2	was	amplified	from	the	pPyCAG-Nanog3GFP	plasmid	donated	by	Maria-	
















Ligations	 were	 performed	 using	 T4-DNA	 ligase	 (Promega)	 or	 TaKaRa	 DNA	
Ligase	 (Clontech).	 The	 best	 result	 was	 achieved	 with	 blunt	 ligation	 using	
pBluescript-SK	 and	 assembly	 of	 three	 fragments	 assembled	 following	 PCR	
purification.	After	incubating	the	reaction	for	24	hours	at	16oC	E.	coli	transformation	
was	 performed	 as	 described	 before.	 The	 cultures	were	 plated	 on	 LB-media	 agar	
plates	 containing	 ampicillin	 and	X-gal.	 Positive	white	 colonies	were	 selected	and	
minipreps	were	performed.	The	final	plasmid	validation	was	performed	using	the	
restriction	enzymes	HincII	and	HindIII	(FastDigest/Promega).	Finally,	the	plasmids	
were	 sequenced	 using	 the	 primers:	 Nest-Forward,	 Nest-Reverse,	 HIT3A_FWD,	















in	 PBS	 and	 1µM	 of	 DAPI.	 Sorting	 was	 performed	 by	 the	 NIHR	 GSTT/KCL	
























for	 30	 minutes	 with	 Hoechst	 33342	 (Thermo	 Fisher	 Scientific).	 Images	 were	
acquired	using	an	A1R	confocal	microscope	(Nikon	Centre,	King’s	College	London)	







	 Lentivirus	 particles	were	 produced	 in	 the	HEK-293	 cell	 line.	 Transfection	
was	 performed	 using	 JetPRIME®	 (Polyplus	 Transfection)	 when	 cells	 achieved	
confluence	in	T175	flasks.	For	transfection,	the	reaction	was	prepared	in	a	1mL	tube	
(Eppendorf)	 containing	 11.25μg	 of	 psPax2,	 2.75μg	 of	 pMD2.G,	 15μg	 of	 lentiviral	
vector,	 500μl	 of	 jetPRIME®	buffer	 (Polyplus	Transfection)	 and	60μl	 of	 jetPRIME	








at	 4oC.	After	48	hours,	 the	 solution	was	 centrifuged	 for	45	min	 at	 1500	x	g.	 The	
supernatant	 was	 discarded,	 and	 the	 pellet	 containing	 viral	 particles	 was	








in	a	 flask	 coated	with	 collagen	 type-1	and	KSFM	media.	After	24	hours,	100μl	of	
lentiviral	particles	and	5μg/ml	polybrene	(Sigma	Aldrich)	were	added	to	the	culture.	
The	 following	 day,	 the	 medium	 was	 replaced	 by	 KSFM	 media	 followed	 by	 the	
addition	of	puromycin	48	hours	(2μg/ml,	Thermo	Fisher	Scientific)	later.	To	confirm	
the	 efficiency	 of	 puromycin	 selection	 a	 T75	 flask	 containing	 non-transduced	
keratinocytes	was	treated	in	parallel	with	puromycin.	After	48	hours	in	puromycin	
control	 cells	 started	 to	 die,	 and	 the	media	 of	 transduce	 cells	 was	 replaced	with	
puromycin-free	 KSFM.	 Cells	 were	maintained	 in	 growth	 conditions	 for	 more	 24	







	 Transfection	 of	 plasmid	 DNA	 was	 performed	 using	 electroporation	 or	
chemical	carriers.	Both	techniques	were	used	in	Chapter	4	and	an	improvement	in	
efficiency	with	electroporation	in	comparison	transfection	using	chemical	reagents	





To	 electroporate	 plasmids	 into	 keratinocytes	 an	 Amaxa	 4D-Nucleofector	
(Lonza)	 was	 used.	 Keratinocytes	 growing	 in	 complete	 FAD	 medium	 were	
resuspended	 in	 SF-	 4D/NucleofectorX	 TM	 Solution	 (200,000	 cells	 in	 18μl	 SF-
solution)	 (Lonza).	 Cells	were	 added	 into	 a	 sterile	well	 (Lonza)	 containing	1μL	of	












were	 mixed	 in	 a	 1mL	 tube	 and	 vortexed	 for	 10	 seconds	 before	 the	 addition	 of	
JETPrime	reagent.	After	10	seconds	of	vortexing,	the	solution	was	incubated	for	10	
minutes	at	room	temperature.	The	solution	was	added	to	6-well	plates,	T75	or	T175	



















96-well	 5	 0.1	 0.3	 0.1	
24-well	 50	 0.5	 1.5	 0.5	
12-well	 75	 0.8	 1.6	 1	
6-well	 200	 2	 6	 2	
T75	flask	 500	 10	 30	 10	






On	 the	 day	 before	 transfection	 keratinocytes	 growing	 in	 FAD	 media	 were	
harvested	and	reseeded	at	a	concentration	2x105/well	 in	a	6-well	plate	or	1x105	
cells/well	in	a	12-well	plate.	 	Before	seeding,	the	wells	were	coated	with	collagen	
type-1	 as	 described	 before.	 The	 total	 final	 concentration	 of	 siRNA	 per	 well	 was	














siRNA	 Name	 Supplier	 Catalog	Number	
RFNG	 RFNG	Dharmacon	–	ON-Target		Plus	Control	Pool	 Dharmacon	 L-032267-00	
LFNG	 LFNG	Dharmacon	–	ON-Target		Plus	Control	Pool	 Dharmacon	 L-032267-00	
NTC/SCRAMBLE	 NTC	Dharmacon	–	ON-Target		Plus	Control	Pool	 Dharmacon	 D-001810-10	
Dll1-A	 siRNA	-	Dll1-A	 Origene	 SR309129	
Dll1-B	 siRNA	-	Dll1-B	 Origene	 SR309129	




































20	minutes,	 non-adherent	 cells	 were	 removed.	 Attached	 cells	 were	 immediately	
washed	 twice	 in	PBS	 and	 lysed	 in	RLT	buffer	 (Qiagen),	 comprising	 the	 stem	 cell	
fraction.	Non-adherent	cells	were	transferred	to	a	new	collagen-coated	100mm	dish	




supernatant	 contained	 cells	 that	 did	 not	 adhere	 to	 collagen	 and	were	 terminally	





Six-well	 plates	 (Falcon)	 were	 coated	 overnight	 with	 a	 mixture	 of	 human	
fibronectin	(4	µg/cm2)	and	recombinant	protein	G	(Sigma	Aldrich)	in	PBS.	Next	day,	








Fc-Tagged Recombinant Protein Supplier 
Recombinant Human Jagged 2 Fc Chimera, CF RnD systems 
Recombinant Human Jagged 1 Fc Chimera, CF RnD systems 
DLL1 (human): Fc (human) (rec.) Adipogen 





Human	 keratinocytes	 were	 trypsinized	 as	 described	 before,	 but	 with	 the	










was	 performed	 to	 analyse	 gene	 expression	 of	 Notch	 modulators	 during	 the	
differentiation.	 This	 experiment	 was	 conducted	 in	 collaboration	 with	 Ms	 Blaise	
Louis	(CSCRM,	King’s	College	London).		
Plastic	 six-well	 plates	were	 coated	with	0.4%	polyHEMA	 (Sigma,	P3932)	 in	 a	
























PBS	 and	 permeabilized	 with	 0.2%	 (v/v)	 Triton	 X-100	 for	 5	 min	 at	 ambient	
temperature.	 Samples	 were	 blocked	 with	 blocking	 buffer	 for	 1	 hour	 at	 ambient	
temperature.	Blocking	buffer	was	composed	of	10%	(v/v)	FBS	plus	0.25%	(v/v)	fish	
skin	gelatine	(Sigma	Aldrich)	in	PBS.	Primary	antibodies	were	diluted	in	blocking	
buffer	 and	 incubated	 overnight	 at	 4oC.	 The	 following	 day,	 samples	were	washed	
three	times	with	PBS	and	incubated	with	secondary	antibody	diluted	1:1000	(v/v)	
in	 blocking	 buffer	 for	 1	 hour	 (Alexa	 Fluor®	390-conjugated	 secondary,	 A21206,	
A32570,	A2287,	Thermo	Fisher	 Scientific).	 Samples	 on	 coverslips	were	mounted	









anti-Involucrin	 In-house	 Hudson	D,	et	al.,	Hybridoma	(1992)	 Mouse	 1/500	
anti-Keratin14	 Biolegend	 906001	 Chicken	 1/1000	
anti-LFNG	 Abcam	 ab192788	 Rabbit	 1/100	
anti-RFNG	 Abcam	 ab42429	 Rabbit	 1/1000	
anti-Ki67	 Abcam	 ab16667	 Rabbit	 1/1000	





Confocal	 microscopy	 was	 performed	 using	 a	 Nikon	 A1	 Upright	 Confocal	
microscope	at	the	Nikon	Centre	in	King’s	College	London.	H&E	stained	sections	were	
imaged	 using	 a	 Hammamatsu	 NanoZoomer	 slide	 scanner	 (Hamamatsu)	


















well	 plates	 were	 imaged	 using	 an	 Operetta	 (Perkin-Elmer),	 and	 images	 were	



















Full-thickness	 skin	 (breast,	 female	 46	 years	 old)	 was	 sterilized,	 and	 adipose	
tissue	was	removed	using	forceps.	The	epidermis	was	removed	with	a	solution	of	





















































added	 to	 the	 slides	with	DPX	mountant	 (Sigma	Aldrich).	 	 Image	 acquisition	was	
performed	 using	 a	 NanoZoomer	 2.0RS	 (Hamamatsu	 Photonics)	 20x.	 For	












Comparison	 Post	 Test.	 P<0.05	was	 considered	 significant.	 Graphs	were	 obtained	
using	GraphPad	Prism	7	or,	when	otherwise	stated,	ggplot2	R	package	version	3.1.0	









(termed	here	 s1,	 s2	 and	 s3).	 Before	 sequencing,	 cells	were	 separated	using	 flow	













Trajectory	 lineage	 and	 pseudo	 time	 analysis	 were	 performed	 after	
dimensionality	reduction	(uMAP)	(Becht	et	al.,	2019)	using	PCA	in	SeuratV3		based	
on	 the	 log	 normalized	 expression	 data.	We	 obtained	 the	 lineage	 inference	 using	
Slingshot	(Street	et	al.,	2018)	constraining	basal	3	as	a	start	point	of	the	lineage.	To	
run	 the	 code	 with	 Slingshot	 we	 used	 the	 packages	 following	 packages:	 DESEq2	
(v1.12.3)(Love,	 Huber	 and	 Anders,	 2014),	 tidymodels	 (v0.0.3)(https://cran.r-















Delta-like 1-mediated cis-inhibition of Jagged1/2 
signalling inhibits differentiation of human 













(Nguyen	 et	 al.,	 2006;	 Estrach,	 Legg	 and	Watt,	 2007;	 Watt,	 Estrach	 and	 Ambler,	
2008).	Notch	activation	predominantly	occurs	in	cells	residing	in	suprabasal	layers,	
mostly	 in	 the	 first	 layers	 of	 the	 stratum	 spinosum.	 	 Due	 to	 the	 limitations	 of	
performing	 experiments	 in	 vivo,	 the	majority	 of	 the	 studies	 exploring	Notch	was	
performed	using	keratinocyte	culture	in	vitro.	One	of	the	most	important	findings	is	
that	 the	 Notch	 ligand	 DLL1	 is	 expressed	 by	 cells	 in	 the	 stem	 cell	 compartment.	
Moreover,	keratinocytes	overexpressing	DLL1	exhibit	increased	cell	adhesion	and	
induce	neighbouring	cells	to	differentiate.	Because	of	that,	it	is	considered	that	DLL1	


























In	 humans,	 two	 studies	 have	 explored	 the	 diversity	 of	 cell	 states	 in	 dermal	
fibroblasts	 (Philippeos	 et	 al.,	 2018;	 Tabib	 et	 al.,	 2018)	 and	 one	 in	 interfollicular	
epidermis	 (Cheng	 et	 al.,	 2018).	 Cheng	 and	 collaborators	 (2018)	 reported	 the	




This	 Chapter	 focuses	 on	 two	 main	 aims:	 (1)	 Investigate	 Notch	 signalling	
heterogeneity	 in	vivo	using	human	IFE	single-cell	sequencing	and	(2)	validate	the	








cell	 types.	Raw	 sequencing	data	was	obtained	 from	 the	Muzlifah	Lab	 (Newcastle	










distinct	 cell	 types	 or	 states.	Having	 available	 single	 cell	 gene	 expression	 profiles	
from	human	IFE,	we	applied	unbiased	clustering	algorithms	to	visualise	cell	profile	
similarities.	 Here,	 we	 used	 the	 default	 parameters	 of	 Seurat	 script	 (Version	 3,	
2019)(Stuart	et	al.,	2019).	First,	the	principal	components	(PCA)	were	obtained	and	
the	distance	metric	was	used	for	the	clustering	analysis.	Then,	we	applied	a	graph-
based	 clustering	 approach	 to	 embed	 cells	 in	 a	 graph	 structure,	 the	 K-nearest	
neighbour	 (KNN).	 Together	with	PCA	 analysis,	 KNN	 can	 refine	 the	data	 and	 find	
highly	 interconnected	 groups	 of	 cells	 using	 the	 “FindNeighbors”	 Seurat	 function.		
Finally,	 clusters	of	 cells	 containing	similar	gene	expression	profiles	were	defined	
and	optimized	using	the	Louvain	algorithm	(Stuart	et	al.,	2019).	




t-SNE	 is	 a	 non-linear	 dimensional	 reduction	 and	 can	 only	 be	 used	 for	 data	
visualization.		After	clustering	and	dimensional	reduction,	we	identified	13	distinct	







A). t-SNE dimensional reduction of all samples, forming 13 distinct clusters. Clusters were identified based on 
markers and expression profiles. B) t-SNE dimensional reduction of all three samples used for the single-cell 


















Dimensionality reduction using t-SNE plot depicting highly expressed gene markers that distinguish the 13 cell states 
discovered with our single-cell RNA sequencing analysis. Graphs were obtained using Seurat V3 in R (Stuart et al, 
































































Violin plots showing expression distribution of genes highly expressed in each cell subpopulation. Basal layer (KRT14) 
and spinous layer (KRT10) marker expression were used to uncover the cluster identity. Graphs were obtained using 
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The	 subpopulations	 spinous	 1	 to	 5	 showed	 elevated	 expression	 of	 KRT10,	
spinous	layer	markers	and	cells	that	had	started	the	differentiation	programme.	A	
small	 cell	 number	 cluster	 containing	 high	 levels	 of	 IVL,	 FIL,	 PPL	 and	 other	
differentiation	markers	was	defined	as	a	granular	layer	subpopulation	(Figure	16).			
The	 low	 number	 of	 cells	 identified	 as	 granular	 layer	 is	 probably	 related	 to	 the	
difficulty	in	isolating	and	extracting	RNA	from	cells	residing	in	the	upper	IFE	layers.	
As	 already	 finishing	 their	 terminal	 differentiation	 programme,	 those	 cells	 are	
already	losing	organelles	and	nucleus,	being	challenging	to	extract	high-quality	RNA.	




Expression of different cell markers of mammalian skin. KRT14 and KRT5 are markers of the basal layer, while KRT10 
and KRT1 are markers of the spinous layer. IVL and PPL are expressed at high levels in the upper spinous and granular 
layer. TP63 is a marker associated with undifferentiated keratinocytes. MKI67, also referred as ki67, is a proliferation 
marker. HES1 is a Notch activity marker. DUSP6 and DUSP10 are proteins involved with cell commitment while GAPDH 







(A) tSNE plot showing cell states and their IFE strata identity. (B) tSNE plots highlighting cells expressing KRT14 or 
KRT1 and the co-expression visualization of both genes. (C) tSNE plots showing cells expressing KRT1 or IVL and the 
co-expression visualization of both genes. (D) tSNE plots highlighting cells expressing KRT1 or CDKN1 and the co-




2007),	Marker	Of	 Proliferation	Ki-67	 (MKI67,	Figure	 16)(Watt	 and	 Jensen,	 2009)	
















C-C	 Motif	 Chemokine	 Ligand	 22	 (CCL22),	 CD74	 and	 HLA	 markers.	 Using	 flow	
cytometry,	the	main	immune	cell	types	were	gated	out,	but	this	did	not	reduce	the	
possibility	that	the	population	still	contained	immune	cells.	High	expression	of	CD74	







2019).	 Before	 running	 the	 code,	 we	 obtained	 a	 different	 type	 of	 dimensional	
reduction	 required	 to	 calculate	 the	 lineage	 inference	 using	 its	 algorithms.	 The	
dimensional	reduction	Umap	(Uniform	Manifold	Approximation	and	Projection)	is	
an	 alternative	method	 to	 visualise	 high	dimensional	 data,	 such	 as	 PCA	 and	 tSNE	
(Becht	et	al.,	2019).	The	Umap	plot	obtained	is	shown	in	Figure	18.	
After	 applying	 the	 global	 inference	 algorithm	 from	 Slingshot	 without	 any	
supervision	 we	 obtained	 the	 lineage	 structure	 of	 our	 data.	 The	 inference	 tool	
suggested	 that	 “spinous	 1”	 diverges	 in	 multiple	 different	 lineages	 and	 a	 clear	
separation	between	basal	and	suprabasal	states.	
Next,	we	applied	the	principal	curve	code	from	Slingshot	 	(Street	et	al.,	2018)	
that	 produces	 a	 smooth	 representation	 of	 each	 lineage.	 This	method	 allows	 the	
observation	of	 the	pseudo	 time	of	 each	of	 cluster	when	you	determine	 an	 initial	
progenitor.	 In	order	 to	achieve	 it	we	ran	our	code	pre-establishing	that	“basal	3”	
would	 be	 the	 progenitor	 in	 our	 differentiation	 process.	 	 Slingshot	 algorithm	
suggested	 that	 “basal	 3”	 cluster	 can	 display	 six	 distinct	 trajectories	 as	 shown	 in	
Figure	18.		A	simplified	schematic	figure	of	the	trajectories	is	depicted	in	Figure	XD.		
As	 a	 result,	 the	 program	 did	 not	 suggest	 that	 the	 differentiation	 process	 is	
unidirectional	as	cells	would	achieve	final	distinct	transcriptional	states.	This	result	
can	also	suggest	the	existence	of	interconvertible	states	or	even	different	cell	types	
being	formed	in	the	IFE	apart	 from	terminally	differentiated	cells.	Moreover,	 it	 is	



























mainly	 in	 the	 suprabasal	 cells,	 having	 higher	 expression	 in	 the	 subpopulation	








CRABP2	and	GABP5	are	 retinol-binding	proteins	 that	have	been	 shown	 to	be	
activated	 in	 a	 Notch-dependent	 manner	 in	 mouse	 IFE	 during	 terminal	










 A-F: Expression level of genes in different cell states (clusters). G-J:  Dimensional reduction using t-SNE graphs 







The	 generation	 of	 a	 large	 dataset	 of	 single-cell	 RNA-seq	 opens	 up	 the	













Expression of genes previously mentioned as Notch targets (HES2, HES4, HEY1, IRF3 and IRF7) and potential new 
targets (HES6, HES7. HEY1, HEY2). Each dot represents one cells and expression levels are normalized using the 












cell	 clusters,	 Notch2	 and	 Notch3	 being	 more	 highly	 expressed	 in	 spinous	 5	 and	

























Average expression in each cell state of different markers and Notch-related components. The percentage of cells 












We	 disaggregated	 colonies	 of	 primary	 human	 keratinocytes	 and	 transferred	
cells	 to	 a	 dish	 coated	 with	 collagen	 type	 4.	 Based	 on	 the	 time	 required	 for	 the	














Schematic and summary of the method to separate distinct fractions of human keratinocytes based on their 
adherence potential. Based on Jones and Watt, 1993. Unfractionated cells are seeded onto collagen type-IV coated 
dishes. After 20 minutes, cells are transferred into a new dish coated with collagen type-IV.  After 1 hour and 30 
minutes, the cells still in suspension are removed from the second dish and identified as cells undergoing 
differentiation. Cells attached to both dishes are considered stem cells and transit-amplifying cells, respectively. This 
experiment fractioned the cells based on how rapid they can adhere to the ECM. Stem cells express high levels of 
integrins and show rapid adherence when compared with transit-amplifying cells. Differentiated cells do not adhere 
or adhere slowly to ECM.   
	
	
Expression	 analysis	 using	q-RT-PCR	 showed	 that	 expression	of	Notch	 targets	
HES1,	 HEY1	 and	 IRF6	 were	 higher	 in	 transit-amplifying	 cells	 (TA)	 than	 other	
subpopulations (Figure 24A). The terminal	differentiation	markers	TGM1,	 IVL	and	
PPL	 increased	 in	 expression	 in	 TA	 and	 TD	 fractions	 relative	 to	 SC	 (Figure 24B),	
showing	that	we	separated	the	cells	according	to	their	differentiation	stage.	Notch1	
was	the	major	receptor	expressed	by	stem	cells	(Figure 24C), Notch3 expression, on 













Notch signalling target genes (A), differentiation markers (B) and Notch receptors and ligands (C, D) in enriched 
populations of stem-cells (SC), transit-amplifying (TA) and terminally differentiated (TD) cells. Data shown are from 
five independent experiments (n=5). Bars represent the average fold change in mRNA abundance (normalised to 
expression of RPS18 and TBP) compared to the stem cell fraction (red line) in each experiment. Error bars represent 




When	 comparing	 expression	 levels	 of	 distinct	 Notch	 components	 relative	 to	
housekeeping	genes	we	observed	similar	expression	of	Notch1	and	Notch2,	while	
Notch3	showed	high	expression	in	TD	cells	(Figure	25B).	When	analysing	the	Notch	
ligands	 higher	 expression	 of	 JAG1	 and	 low	 expression	 of	 DLL1	 and	 JAG2	 in	 all	
fractions	 was	 found	 (Figure	 25	 C),	 analogous	 to	 what	 was	 observed	 in	 our	 sc-
RNAseq	dataset	in	vivo.			












































































































































































A) Summary of our findings. Blue identifies stem cell state (SC), red the transit-amplifying state (TA) and in orange 
cells that have started the differentiation program (TD) (B) Delta CT values for Notch receptors across different 
fractions. C) Delta CT values for Notch ligands in different fractions. D) Brightfield image of keratinocytes that adhered 
to collagen type IV coated plates in the first 20 minutes. This population was classified as stem-cells (SC). (E) Brightfield 
image of keratinocytes that adhered to collagen type IV coated plates between 20 to 120 minutes. This population 





Next,	 we	 investigated	 keratinocytes	 response	 to	 different	 Notch	 ligands.	 To	
simulate	Notch	trans-activation	in	vitro	we	prepared	surfaces	containing	mixtures	
of	 fibronectin	and	immobilized	recombinant	Fc-tagged	Notch	ligands	(Figure	26).	
Seeding	 onto	 the	 surfaces	 a	 small	 density	 of	 keratinocytes	 allowed	 the	 cells	 to	
receive	Notch	signalling	only	from	the	substrate.	Fibronectin	was	used	due	the	rapid	




interrogating	 whether	 the	 effects	 observed	 were	 triggered	 by	 NICD	 release	 and	







A) Schematic representation of the substrates used in (B–E). (f) Representative phase contrast images of cells plated 
on distinct substrates functionalized with the indicated proteins. Arrows show cells with elongated shapes. Bar, 
100µm. (C) Quantification of spread cell area. Box and whisker plots indicate the median, the mean (small crosses), 
25th percentile (bottom line of the box), 75th percentile (top line of the box), and the maximum and minimum 
(whiskers). P-values were calculated using one-way ANOVA (Holm Sidak's multiple comparisons test) (*p <0.05).  qRT-
PCR expression analysis of terminal differentiation markers and Notch signalling target genes in keratinocytes growing 
in the presence or absence of DAPT on substrates functionalized with the indicated proteins: J1(Jagged1), J2(Jagged2) 
and Dll1.  Data shown are from three independent experiments (n=3). Individual data points represent fold change in 
mRNA abundance (normalized to 18sRNA) compared to control (cells growing on substrates with anti-β2MG 
antibodies and without DAPT treatment; this condition is represented by red line.  Bars represent means and error 
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Cells	 exposed	 to	 functionalised	 Jagged1	 and	 Jagged2	 displayed	 enlarged	 and	
elongated	cell	shapes	while	exposure	to	anti-β2MG	or	Dll1	had	no	such	effect	(Figure	
26B	 and	 C).	 Cell	 enlargement	 is	 often	 associated	 with	 the	 beginning	 of	 the	
differentiation	programme	(Watt,	1981),	suggesting	that	cells	 in	contact	with	JAG	
ligands	are	terminally	differentiating.	
Gene	 expression	 analysis	 showed	 that	 cells	 in	 the	 presence	 of	 immobilised	
Jagged	ligands	increase	expression	of	the	terminal	differentiation	markers	IVL	and	
TGM1	(Figure	26D).	We	also	observed	an	induction	of	the	Notch	targets	HES1	and	
IRF6	 in	comparison	with	 the	control	conditions,	suggesting	 that	 the	recombinant	
proteins	 are	 inducing	 Notch	 signalling	 (Figure	 26E).	 In	 the	 treatment	 with	 Fc-
recombinant	 Dll1,	 we	 could	 not	 observe	 a	 significant	 increase	 of	 differentiation	
markers.	However,	we	did	not	test	dose-responsiveness,	and	we	cannot	rule	out	the	
possibility	that	higher	concentrations	of	Dll1	could	induce	a	different	response.	All	
the	 conditions	 where	 DAPT	 was	 added	 in	 the	 media	 resulted	 in	 a	 decrease	 in	





 Knowing that immobilized Jagged1 or Jagged2 can induce Notch signalling and 
terminal differentiation we investigated whether other HES/HEY transcription factors 
could be upregulated by Notch in human keratinocytes. Using RT-qPCR analysis, we 
evaluated the expression of HES1-7 and HEY1, and the results are shown in Figure 27. 
HES3 expression was not detected in any of our samples, while all the other genes showed 
some level of expression. HES1 and IRF6 were the only significant responsive genes in 
our assays (Figure 27 A and H). Interesting, HES2, HES4 and HES5 exhibited 
considerable expression in our datasets and a small expression increase when exposed to 
Jagged ligands. HES6 (Figure 27 E), on the other hand, showed low expression and no 
difference between the samples, similar to what was observed in vivo. HEY1 showed 





Expression levels measured as ddCT of putative Notch targets in human keratinocytes on substrates containing 
immobilized fc-ligands or anti-B2MG. A-G: Transcription factors from the HES/HEY family. H: IRF6. I: All expression 
levels as ddCT. Experiments were performed in technical triplicates (N=3). Statistical differences between sets of 













































































































































































































































































































To	 investigate	 the	 effects	 of	 Dll1	 in	 primary	 keratinocytes,	 we	 interrogated	
whether	 Dll1	 knockdown	 affects	 terminal	 differentiation	 (Figure	 28).	 This	
experiment	was	performed	by	the	student	Meike	Logtenberg.	We	used	two	siRNAs	






in	 IRF6	 and	 the	 terminal	 differentiation	markers	 IVL	 and	TGM1	 (Figure	 28B/C).	




and	 transduced	 shRNA	 lentiviral	 particles	 targeting	Dll1	 and	 control	 particles	 in	
primary	keratinocytes.	After	transduction	and	selection	in	puromycin	for	two	days,	
cells	were	maintained	in	KSFM	media	for	two	days	before	transfer	to	a	feeder-layer.	
Control	 cells	 looked	healthy	 and	were	 able	 to	 grow	and	 form	colonies	 on	 feeder	
layers	(Figure	28D).	shDll1	cells,	on	the	other	hand,	could	not	survive	after	selection.	
We	 have	 repeated	 this	 assay	 for	 more	 three	 times	 using	 different	 viral	 particle	
concentrations.	However,	we	were	not	 able	 to	 select	Dll1	knockdowns	while	 the	
control	was	always	viable	(Figure	28D).		This	data	suggested	that	downregulation	
of	 Dll1	 would	 affect	 keratinocytes’	 ability	 to	 expand	 and	 survive.	 Also,	 the	 low	










A-C: Knockdown of Dll1 in cultured human keratinocytes with two different siRNAs targeting different regions of the 
Dll1 mRNA. RT-qPCR analysis of cells after 48hours in FAD media showing effects of the knockdown on DSL ligands 
(A), Notch Targets (B) and terminal differentiation markers (C). N = 3. P-values were calculated using one-way ANOVA 
with Holm Sidak's multiple comparisons test. *p<0.05. D: Brightfield microscopy images of keratinocytes transduced 
with shRNA control and shRNA targeting Dll1 after 2 days in puromycin and 2 days in KSFM media on collagen type-1 






cell	 compartment	 can	 express	 Jagged1,	 Jagged2	 and	 Dll1.	 	We	 next	 investigated	
whether	cells	would	respond	differently	 to	distinct	Notch	 ligands.	Previous	work	
has	explored	Dll1	effects	 in	primary	keratinocytes	overexpressing	zebrafish	Dll1,	
















and	 Kn).	 Cells	 were	 seeded	 at	 low	 density	 onto	 substrates	 functionalized	 with	
Jagged1	or	Jagged2	under	the	same	conditions	used	in	the	previous	experiment.	In	
this	 experiment,	 zDll1	 mediated	 cis-inhibition	 of	 endogenous	 Notch	 receptors	







 Overexpression of zDLL1 in keratinocytes. (a)Representative images (maximum intensity projections) of 
keratinocytes (strain km) stably expressing zebrafish Dll1 (zDll1) or the empty vector (EV), immunolabelled with 
antibodies against zDll1 and counterstained with DAPI to reveal nuclei. Arrowheads, localisation of zDll1 at areas of 
cell-cell contact; asterisks, vesicular localisation of zDll1. Scale bar = 100µm. (b) Q-RT PCR analysis of mRNA levels of 
endogenous (hDll1) and zebrafish (zDll1) Dll1 in keratinocytes (experiment 1: strain km, experiment 2: strain kn; see 
Fig. 3f, g) expressing zDLL1 or EV. Data shown are from n = 2 technical replicates. Individual data points represent the 
mean deltaCq expression (normalized to the mean of GAPDH and TBP). Bars represent the means. 
 











































A: Experimental setup used to investigate the response of human keratinocytes to different immobilized recombinant 
proteins. B and C: qPCR analysis of terminal differentiation markers in primary keratinocytes from two distinct donors 
(strain km, B or kn, C) expressing zebrafish DLL1 (zDll1) or EV 48 hours after seeding onto substrates functionalized 
with fc-Jagged1 (J1), fc-Jagged2(J2) or anti-β2MG. Data shown in B and C are from one experiment performed with 
two technical replicates. Individual data points represent the average fold change in mRNA abundance compared to 
control (EV) cells cultivated on substrates functionalized with anti-β2MG antibodies) in each experiment. Means are 




Representative phase contrast images of cells growing on distinct substrates functionalized with the indicated 































































cells.	While	Dll1	 is	 considered	an	 important	player	 in	determining	stem	cell	 fate,	
Notch	 ligand	 Jagged1	 is	 required	 for	hair	 follicle	maintenance	(Ambler	and	Watt,	
2010).	Moreover,	studies	using	cultured	keratinocytes	have	shown	that	Jagged1	can	
induce	terminal	differentiation	with	soluble	Jagged1	(B.	J.	Nickoloff	et	al.,	2002).	
Here	we	 analysed	 a	 single-cell	 RNA-seq	 dataset	 from	 human	 IFE.	 Previously,	
other	studies	revealed	the	distribution	of	different	ligands	and	receptors	through	









supporting	 our	 results.	 However,	 the	 effects	 and	 importance	 of	 Jagged2	 in	
determining	cell	fate	in	IFE	still	have	not	being	explored.		
Between	 the	 five	 distinct	 states	 discriminated	 in	 the	 spinous	 layer,	 Notch	
signalling	activity	seemed	to	be	predominant	in	spinous	1.	These	data	pointed	out	
the	 heterogeneity	 existing	 in	 the	 epidermis	 and	 allow	 us	 to	 explore	 diverse	 cell	
subpopulations	 and	 states.	 The	markers	 here	 established	 (Appendix	 1)	 for	 each	
population	opened	up	opportunities	to	understand	better	the	heterogeneity	of	the	
IFE.	 In	 vitro,	 we	 showed	 that	 the	mRNA	 profile	 of	 ligands	 is	 similar	 in	 cultured	
keratinocytes	 when	 compared	 with	 the	 data	 in-vivo.	 Jagged1	 is	 distributed	 in	
different	cell	fractions	while	Jagged2	and	Dll1	are	predominantly	in	cells	that	show	
fast	adherence	to	ECM,	classically	denoted	as	stem	cells.	When	we	compared	Notch	
receptors,	Notch2	and	Notch3	 increase	during	 the	differentiation	programme	 in-
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vivo	 and	 in	 vitro.	 Notch1,	 on	 the	 other	 hand,	 seems	 to	 be	 more	 expressed	 in	
undifferentiated	cells	in	vitro	while	it	has	a	wide	distributed	in-vivo.		
Using	a	novel	approach,	we	cultured	cells	onto	dishes	containing	immobilised	
recombinant	 Notch	 ligands.	 We	 observed	 terminal	 differentiation	 markers	 and	
Notch	 activity	 expression	 in	 cultures	 growing	 in	 dishes	 containing	 immobilised	
Jagged1	 and	 Jagged2,	 revealing	 that	 these	 ligands	 alone	 can	 induce	 terminal	
differentiation	 in	 human	 keratinocytes.	 With	 the	 same	model,	 we	 also	 explored	
putative	 Notch	 targets.	 Even	 though	 the	 expression	 of	 genes	 from	 the	HES/HEY	





In	 order	 to	 simulate	 the	 stem	 cell	 compartment,	 we	 exposed	 keratinocytes	
overexpressing	zebrafishDll1	to	immobilised	Jagged	1	and	Jagged2.	In	comparison	
with	 control	 keratinocytes	 (EV),	 after	 48	 hours	 the	 expression	 of	 terminal	
differentiation	genes	was	not	affected.	This	data	suggests	that	the	overexpression	of	
Dll1	 can	 inhibit	 the	 terminal	 differentiation	 signals	 mediated	 by	 jagged	 ligands.	
Supporting	this	 finding,	downregulation	of	Dll1	using	siRNA	led	to	an	 increase	 in	
Notch	targets	and	differentiation	markers	suggesting	that	Dll1	could	act	 in	a	cell-
autonomous	manner	to	protect	the	cells	against	terminal	differentiation.	





induce	 the	differentiation	programme,	 the	best	manner	 to	mimic	 trans-signalling	
would	be	using	cells	instead	of	recombinant	proteins.		Different	studies	have	shown	





described	 for	Delta-ligands	and,	because	of	 that,	we	cannot	assume	that	 the	non-
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response	observed	 in	keratinocytes	exposed	to	 immobilised	Dll1	also	occurs	 in	a	
cell-cell	 contact	manner.	 	Previously	our	 lab	has	shown	that	cells	overexpressing	
Dll1	can	induce	differentiation	in	neighbouring	non-overexpressing	cells,	revealing	
that	 the	 effects	 on	 Notch/Dll1	 signalling	 can	 potentially	 be	 different	 when	
dependent	on	cell-cell	contact	(Lowell	et	al.,	2000;	Lowell	and	Watt,	2001).		




cell	 cycle	arrest	and	differentiation.	Moreover,	here	we	suggest	 that	 Jagged1	and	
Jagged2	can	play	a	role	in	inducing	terminal	differentiation	at	least	in	vitro,	changing	

























Somatic	 stem	 cell	 populations	 are	 traditionally	 described	 as	 homogeneous	
groups	of	cells	that	obey	a	hierarchical	model	where	an	individual	stem	cell	shows	
both	 self-renewal	 ability	 and	 the	 capacity	 to	 generate	 differentiated	 cell	 types	
(Goodell,	Nguyen	and	Shroyer,	2015).	However,	several	studies	have	demonstrated	
that	 stem	 cell	 pools	 can	 be	 composed	 of	 different	 stem	 cell	 types	with	 different	
potential	 for	 self-renewal	 and	 differentiation.	 This	 stem	 cell	 heterogeneity	 has	
already	been	explored	in	different	tissues	such	as	the	intestinal	epithelium,	blood	
and	hair	follicles	(Wilson	et	al.,	2014;	Goodell,	Nguyen	and	Shroyer,	2015;	Joost	et	
al.,	 2016;	 Dulken	 et	 al.,	 2017).	 In	 these	 tissues	 different	 populations	 of	
undifferentiated	 cells	 were	 identified	 showing	 distinct	 functions,	 locations	 and	






basal	 layer	 of	 cultured	 IFE	 and	 performed	 single-cell	 RNA	 sequencing	 analysis	
(David	 W	 M	 Tan	 et	 al.,	 2013).	 This	 study	 revealed	 two	 distinct	 transcriptional	











Using	 a	 genome	 editing	 approach,	 the	 aim	 of	 this	 chapter	 was	 to	 create	 a	










add,	 before	 the	 Dll1	 stop	 codon,	 a	 T2A	 sequence	 followed	 by	 three	 copies	 of	
destabilized	 turbo-GFP	before	 the	Dll1	 stop-codon.	T2A	 is	 a	 conserved	 sequence	
composed	of	18-22	amino	acids	which	allows	the	successful	expression	of	up	to	four	
proteins	 separately	 using	 the	 same	 promoter.	 This	 phenomenon	 only	 occurs	
because	this	sequence	induces	"ribosome	skipping"	in	the	translation	process.	This	
"skipping"	allows	the	isolation	of	the	T2A	downstream	sequence	from	the	upstream	
sequence,	 forming	 two	 separate	proteins	 (Szymczak	et	 al.,	 2004;	Doronina	et	 al.,	




a	 GFP	 variant	 that	 shows	 faster	 maturation	 and	 is	 brighter	 than	 other	 green	
fluorescence	 proteins	 (Evdokimov	 et	 al.,	 2006).	 Thus,	 the	 GFP	 utilized	 is	
characterized	 as	 destabilized,	 a	 modification	 which	 allows	 the	 observation	 of	





A) Representation of the wild type Dll1 locus in humans. B) Schematic of the desired knock-in at the Dll1 locus. Dll1 
stop-codon is represented in red, destabilized Turbo GFP in green and the T2A-sequence in yellow. The region 
containing the “homology arms” are DLL1 homology sequences amplified and added to the donor plasmid to induce 




(DSB)	 in	 genomic	 DNA	 promote	 the	 activation	 of	 two	 main	 cellular	 repair	










coding	 area),	 and	 the	 availability	 of	 an	 exogenous	 DNA	 template	 containing	 the	
homology	arms	flanking	the	reporter	sequence	could	generate	the	genetic	alteration	
desired.		





























based	DSB	 system	 found	 originally	 in	 prokaryotes	 that	 can	 be	 employed	 to	 edit	
eukaryotic	 genomes	 (Jinek	et	 al.,	 2012;	Ran	et	 al.,	 2013).	 In	 this	method,	 the	 co-
expression	of	Cas9	nuclease	protein	and	a	short	RNA	sequence	(RNA	guide	or	gRNA)	
can	 induce	 DSB.	 In	 general,	 the	 gRNA	 binds	 the	 DNA	 target	 containing	 a	 short	
homology	(~20nt)	sequence	followed	by	a	sequence	called	PAM	which	confers	the	
specificity	 of	 the	 target.	 Once	 the	 ligation	 between	 gRNA	 and	 DNA-target	 is	









To	 obtain	 the	 plasmid	 expressing	 the	 Cas9	 protein	 and	 the	 gRNA	we	 used	 a	






Sanger sequencing data analysed in SnapGene software showing the insertion of the predicted gDNA into the 










plasmid	 backbone	 (Figure	 35	 and	 Figure	 36).	 We	 adopted	 the	 Gibson	 Assembly	
(Gibson	 et	 al.,	 2009)	 to	 assemble	 all	 the	 fragments	 required	 to	 obtain	 the	 final	








A) Map of the final donor-DNA plasmid vector (Donor-DNA-3xGFP- Dll1). B) Restriction analysis of one clone using the 
third strategy (see 4.3.3).  On the left: Gel electrophoresis shows digestion with different restriction enzymes. On the 
right: Predicted size bands from the simulation obtained using the software Snapgene. MW=1kb-DNA-Ladder (NEB), 






















A: PGKDTAbpa plasmid vector was digested with HincII and HindIII. B: Fragment 1 and 3 were amplified from 
keratinocyte genomic DNA. All the primers add overlapping linkers to the following fragment or vector. C) Fragment 
2 (reporter) was amplified from the plasmid pPyCAG-Nanog3GFP, also adding the overlap regions. D) Circular 
pBlueScript-SK plasmid was digested with the restriction enzyme EcoRV in order to obtain a linear sequence 








Homology Arm 5’ (Dll1)






b.  Homology Arms 



























In this technique all the overlapping fragments and plasmid (which also has overlapping regions) are combined in one 
isothermal reaction containing DNA ligase, exonuclease and DNA polymerase. In summary, exonuclease acts by 
creating overlaps in the fragments and plasmids that facilitate annealing. Further, DNA polymerase acts by filling the 























Homology Arm 5’ (Dll1) T2A + REPORTER Homology Arm 3’ (Dll1)
Homology Arm 5’ (Dll1) Homology Arm 3’ (Dll1)dsGFP dsGFP dsGFPT2A
PGKDTAbpa plasmid









Subsequently,	 we	 decided	 to	 amplify	 by	 PCR	 reaction	 the	 Gibson	 Assembly	
product	obtained	in	the	second	strategy	using	nested	primers	that	anneal	at	the	5'	







A, B, C: amplifications obtained after PCR optimization of the three desired fragments. We used the standard reaction 
with Herculase II Phusion DNA polymerase, changing the melting temperature (Tm), modifying the reaction to a 
touch-down cycling (TD), and DMSO and primer concentration optimization. The correct band expected for fragment 







Positive	 colonies	were	 found	 only	 in	 reactions	 carried	 out	with	 "Takara-Ligase".	







Schematic representation of the strategies used to obtain the final donor-DNA plasmid after the fragment’s 
isolation. The third strategy (C) was the only method that achieved the final construction and it was based on a PCR 
reaction directly from the “Gibson Assembly” final product. D) The amplification obtained in an agarose gel (1%) 
after the PCR reaction with the “nest” primers. In this reaction, two different reactions were tested, containing two 
final concentrations of DMSO (0 and 2%). The best result was obtained with 2% DMSO and the final optimized PCR 
reaction is depicted in Chapter 2.   
	 	
 Nest Amplification (3 fragments)
and 
product isolation
Blunt Ligation with 
pBluescript opened 
with EcoRV
Blunt Ligation with 
pBluescript opened 
with EcoRV





We	 confirmed	 the	 expression	 of	 Dll1	 by	 qRT-PCR	 in	 primary	 human	
keratinocytes.	 Furthermore,	 we	 confirmed	 the	 expression	 in	 other	 cell	 lines	
currently	available	in	our	laboratory.	Expression	levels	are	show	in	Figure	39.		All	
cells	showed	Dll1	expression,	 including	squamous	cell	carcinoma	(SCC)	 lines	and	





Delta Like Ligand 1 (Dll1) mRNA expression relative to GAPDH mRNA expression (housekeeping) in different cell 
lines. Values are shown in ddCT.  HEK-293 is a fibroblast cell line, SCC13, SJG6, SJG32 and SJG37 are SCC (Squamous 
cell carcinoma) cell lines. NHEK are normal human keratinocytes (km). FAD and KSFM are different types of culture 





















































A) Transfection strategy. Cells were transfected and after 5 days cells were sorted or transferred into a new 6-well 
plate. After 21 days live-cell imaging was performed. B) Live-cell imaging of HEK293 cells transfected only with the 
donor plasmid (Control) or with the donor plasmid together with the guide DNA plasmid (Dll1 reporter). Cells were 
stained with Hoechst before imaging and it is shown in blue. Nuclear localization was observed as expected since 
nuclear flag is present in the tGFP used. Percentage of GFP-positive cells is shown.  Ratio = (Number of cells containing 






Repórter -Control Dll1 Reporter
A
B
% GFP positives cells = 4.98% 
(524/10528)
% GFP positive cells = 0%
 (0/7836)
100 μm 100 μm






 A. Strategy used to isolate GFP positive cells. HEK-293 cells GFP positive cells were isolated 48 hours after 
transfection. A. Healthy cells were selected in the first gate (Hek cells), excluding dead cells and debris. Single cells 
were selected, and doublets excluded (FSC-W, SSCA subset). DAPI was used to select live cells (SSC-A, DAPI-A-subset). 
GFP positive cells (FITC-A-PE-A subset) were sorted. B. Comparison between control transfection (blue) and a 




	 Next,	 we	 transfected	 primary	 human	 keratinocytes	 with	 both	 plasmids.	
Different	strategies	were	used	and	shown	in	Figure	42.	For	the	first	strategy	(Figure	
42A),	 cells	 were	 transfected	 in	 a	 well	 (6-well	 plate)	 with	 the	 guide	 and	 donor	
plasmids.	As	a	control,	we	performed	the	transfections	only	with	the	donor	plasmid	















efficient	 in	 the	 siRNA	 experiments	 shown	 in	 Section	 3.3.3	 (Figure	 42B).	 After	
resuspension,	cells	were	electroporated	and	transferred	to	a	6-well	plate.	Cells	were	
sorted	after	48	hours,	and	the	percentage	of	GFP-positive	cells	was	lower	than	with	






A) Plasmids were delivered using JetPrime in keratinocyte colonies growing on a feeder layer. After 48 hours 
keratinocytes were resuspended, and sorting was performed. Percentage of GFP-positive cells is shown (N=3). B) 
Plasmids were delivered using electroporation (Nucleofector) in resuspended keratinocytes. After transfection cell 
were grown on collagen type-1 coated plates in KSFM. Cells were maintained for 48 hours in culture before sorting. 
Percentage of GFP-positive cells is shown (N=3). C) 24 hours prior transfections cells were transferred from flasks 
containing keratinocyte colonies and feeders into wells (6-well plate) containing a collagen type-1 coating and KSFM 
medium. After 24 hours, cells were transfected with JetPrime and sorted after 48 hours. Percentage of GFP-positive 













Primary human keratinocytes that were GFP positive (Km, passage 4) were isolated 48 hours after transfection. A. 
Healthy cells were isolated in the first gate (Live), excluding dead cells and debris. Single cells were then selected, and 
doublets excluded. DAPI was used to exclude dead cells and GFP positive cells (FITC-A-PE-A subset) were selected. B.  
Comparison between a control transfection (blue) and a transfection performed with the Dll1 reporter plasmids (red).  
  







from	Section	4.5	but	 transfected	1	million	 cells	 in	KSFM	medium.	Exploiting	 this	
strategy,	 we	 could	 sort	 more	 than	 100	 GFP	 positive	 cells	 in	 each	 transfection	
performed.	 Our	 most	 successful	 sorting	 is	 shown	 on	 Figure	 43.	 Cells	 were	











 A) One million primary human keratinocytes (Km, passage 2 or 3) were transfected in T75 flasks and maintained in 
growth conditions prior sorting. After sorting cells were cultured for three weeks in FAD medium with a feeder layer.  
Cells were then passaged, and flow cytometry and confocal microscopy were performed. Some of the cells were 
frozen for future experiments. B) Keratinocyte colonies formed 3 weeks after sorting. Red arrows show colonies and 








	 We	 applied	 the	 same	 optimized	 transfection	 to	 squamous	 cell	 carcinoma	
cells	(SCC)	that	in-vitro	grow	faster	than	normal	human	keratinocytes	(Hayes	et	al.,	









A) 1 million SCC cells (SJG6 cell line, passage 4 or 5) were transfected in T75 flasks and maintained in growth conditions 
prior sorting. After sorting, cells were cultured for three weeks in FAD medium with a feeder layer.  Cells were then 
passaged, and flow cytometry and confocal microscopy were performed. Some of the cells were frozen for future 











different	 Notch	 signalling	 states	 are	 predicted	 to	 occur	 simultaneously	 within	 a	
culture	 dish.	 Our	 data	 in	 Chapter	 3	 support	 this	 heterogeneity	 in	 the	 IFE.	 For	
instance,	in	the	spinous	layer,	different	cell	states	can	be	found,	but	only	one	seems	
to	have	 expression	of	HES1	 (Section	3.3).	Heterogeneity	 can	 also	be	observed	 in	
stem	cell	states.	In	basal	states	where	JAG2	and	Dll1	seem	to	be	the	exclusive	Notch	
ligands	expression	is	not	observed	in	all	cells	in	the	cluster	(Section	3.3.3).		
Several	 studies	 have	 been	 using	 live	 cell	 imaging	 as	 a	 tool	 to	 explore	 Notch	
signalling	 dynamics	 (Nowotschin	 et	 al.,	 2013;	 Gomez-Lamarca	 et	 al.,	 2018;	
Nandagopal	et	al.,	2018;	Pillidge	and	Bray,	2019),	but	this	approach	has	not	been	
applied	 yet	 to	 human	 keratinocytes.	 Having	 live	 cell	 reporters	 to	 explore	 Notch	
dynamics	 in	 culture	 would	 be	 interesting	 as	 it	 would	 be	 possible	 to	 tackle	











three	 turbo	 GFP	 proteins	 using	 one	 plasmid	 containing	 the	 desired	 genetic	
modification	and	another	containing	the	exonuclease	coding	sequence.		
Unfortunately,	we	could	not	validate	the	homologous	recombination.	This	may	









the	 gene	 or	 even	 the	 protein	 structure.	 Our	 finding	 using	 RNA	 interference	 and	
shRNA	 lentiviral	 transduction	 knocking	 down	 of	 Dll1	 showed	 in	 Section	 3.1.5	
(Chapter	 3)	 that	 altering	 Dll1	 expression	 affects	 keratinocyte	 homeostasis.	
Therefore,	 if	 our	 edit	 is	 inducing	 a	 Dll1	 knockout	 it	 may	 be	 possible	 that	 it	 is	











and	 metabolism.	 Because	 of	 its	 role	 in	 DNA	 damage	 repair,	 p53	 can	 affect	
CRISPR/Cas9	activity.	Two	studies	published	in	2018	(Haapaniemi	et	al.,	2018;	Ihry	
et	al.,	2018)	showed	that	p53	counteracts	Cas9	action	in	human	cells,	revealing	that	
CRISPR-Cas9	HDR-mediated	editing	 is	 increased	when	p53	 is	deleted	or	knocked	
down	 in	 human	 pluripotent	 stem	 cells	 (hPSCs)	 and	 immortalized	 human	 retinal	
pigment	 epithelial	 (hRPE)	 cells	 (Haapaniemi	 et	 al.,	 2018;	 Ihry	 et	 al.,	 2018).	 The	
ability	 of	 p53	 to	 hamper	 genome	 editing	 has	 raised	 concerns	 about	 using	 this	
technology	in	stem	cells	and	cancer	lines	(Kastenhuber	and	Lowe,	2017).	
				In	 human	 keratinocytes,	 p53	 has	 been	 described	 as	 being	 expressed	 in	
proliferative	and	undifferentiated	cells	(Woodworth	et	al.,	1993;	Dazard	et	al.,	2000;	
Freije	 et	 al.,	 2014).	 Analysis	 of	 TP53	 expression	 in	 our	 sc-RNAseq	 data	 set	
(Chapter3)	confirms	that	p53	is	expressed	in	the	IFE	(Figure	46).	However,	our	data	











A. t-SNE dimensional reduction of TP53 expression in distinct single cells in the IFE. B. t-SNE dimensional reduction 
showing the distinct clusters established in our RNA-seq analysis. More details of the dimensional reduction used 
can be found on Chapter 3.  
 




al.,	 2019),	 which	 is	 one	 of	 the	 reasons	 why	 inducing	 knockouts	 shows	 more	
efficiency	when	compared	with	knockins	using	genome-editing	based	on	nucleases.		
To	 overcome	 the	 challenges	 of	 inducing	 a	 knock-in	 in	 human	 cells,	 different	
technologies	have	been	proposed	as	an	alternative	to	HDR-based	methods	(Paquet	
et	al.,	 2016;	Liu	et	al.,	 2019).	 For	 instance,	using	 small-molecules	 targeting	NHEJ	
proteins	(Wienert,	2018)	have	shown	an	 increase	of	2/3-fold	 in	HDR	knock-in	 in	
human	primary	T-cells.	Furthermore,	HDR	pathways	are	only	active	in	the	S	and	G2	
cell	cycle	phases,	while	NHEJ	occurs	in	G1,	S	and	G2	(Heyer,	Ehmsen	and	Liu,	2010).	





small	 molecules	 targeting	 NHER	 proteins	 might	 improve	 HDR	 in	 primary	 cells	
(Howden	et	al.,	2016;	Wienert	et	al.,	2018).	As	we	already	have	the	donor	template	






gene	 editing	 efficiency,	 such	 as	 viral-based	 transduction.	 Several	 studies	 have	
shown	that	the	utilization	of	CRISPR	combined	with	adeno-associated	virus	(AAV)	
delivery	 can	 be	 employed	 to	 obtain	 successful	 knock-in	 in	 mammalian	 cells	































Notch	 signalling	 is	 involved	 in	 many	 cell-fate	 decisions	 in	 multicellular	
organisms.	 Two	 different	 major	 types	 of	 decisions	 can	 occur	 when	 cells	 are	






are	 modifications	 in	 the	 EGF	 repeats	 by	 glycosylation,	 Notch	 ubiquitylation,	
endocytosis	and	changes	in	the	trafficking	of	Notch	receptors	and	ligands	(Irvine,	










After translation, Notch receptors are modified in the ER and Golgi by different transferases (POFUT1, POFUT2, LFNG, 
MFNG, RFNG) and cleaved (S1) by FURIN. In the cytoplasm, different proteins can be involved in Notch degradation 
and trafficking, such as NUMB, Deltex, NEDD4L, AIP4/Itch and MSI1/2. Enzymes that induce Notch receptor cleavage 
at S2 and S3 (ADAM10/16, PSENEN, PSEN, APH1A/B) are also required for canonical signalling. Once translocated to 
the nucleus, different co-activators and co-repressors can act to increase or decrease transcription of NICD targets. 
Moreover, proteins such as FBXW7 can induce the dissemble of the activation complex and NICD recycling. Sending-
signal cells can also regulate Notch activation through the activity of NEURL and MIB, which promote the 
ubiquitination and endocytosis of Notch ligands (Itoh et al., 2003; Fortini, 2009; Stanley and Okajima, 2010; Bray, 
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Average expression in each cell state of different markers Notch-related components. The percentage of cells 







of	 NICD	 (Bray,	 2016).	 The	 E3	 ubiquitin	 ligase	 FBXW7	 or	 FBW7	 (F-Box	 and	WD	
Repeat	Domain	Containing	7)	binds	directly	to	NICD	in	the	nucleus,	 leading	to	its	
ubiquitylation	 and	 proteasomal	 degradation	 (Kourtis,	 Strikoudis	 and	 Aifantis,	
2015).	Because	of	its	action,	FBXW7	has	been	referred	to	as	one	of	the	key	players	
in	 terminating	 Notch	 signalling	 (Wu	 et	 al.,	 2002;	 O’Neil	 et	 al.,	 2007;	 Kourtis,	
Strikoudis	and	Aifantis,	2015).	However,	it	has	been	shown	that	its	activity	can	affect	
other	proteins	that	are	involved	in	distinct	cell-fate	decisions,	such	as	cyclin	E,	MYC,	
JUN	 (Welcker	 and	 Clurman,	 2008).	 	 In	 our	 single-cell	 data,	 we	 observed	 high	
expression	of	 the	FBXW7	gene	 in	different	subpopulations	(Figure	48	and	Figure	
49).	 In	 FBXW7	 knockout	 experiments	 by	 Ishikawa	 and	 colleagues	 (2013),	 an	




3)	 and	 how	 it	 interacts	 with	 other	 modulators	 is	 still	 unknown,	 indicating	 that	
FBWX7	is	an	exciting	candidate	for	further	studies.		
Another	 Notch	 regulator	 that	 we	 considered	 remarkable	 in	 our	 dataset	 is	
Sirtuin-1(SIRT1)	(Figure	48	and	Figure	49C	and	D	).	SIRT1	is	a	histone	deacetylase	
that	 can	 associate	 with	 NICD	 and	 counteract	 the	 stabilising	 effect	 of	 acetylation	
(Mulligan	 et	 al.,	 2011).	 This	 activity	 can	modulate	 Notch	 activity	 amplitude	 and	
duration	during	Notch	signalling	(Guarani	et	al.,	2011).	Our	data	suggest	that	SIRT1	
is	highly	expressed	 in	 two	spinous	 layer	states	(1	and	5)	and	the	transition	state	
(Figure	49C	and	D).	The	 state	 spinous	1	 shows	higher	 levels	of	HES1	expression	
(Figure	48	and	Figure	51),	and	here	we	hypothesise	that	SIRT1	could	be	implicated	
in	 NICD	 turnover	 in	 this	 cell	 state.	 In	 keratinocytes,	 SIRT1	 deletion	 has	 been	







T-SNE dimensional reduction of FBXW7 (A) and SIRT1 (C) and expression levels of FBXW7 (B) and SIRT1 (D) in 





Notch	 co-activators	 comprise	proteins	 that	 form	 the	Notch	 initiation	process,	
interacting	with	NICD-CSL-Mam	(Bray	and	Gomez-Lamarca,	2018).	Amongst	several	
co-activators	expressed	in	our	dataset,	we	noted	the	expression	of	DDX5	(DEAD-Box	
Helicase	 5)(Lin	 et	 al.,	 2013),	 PAF1	 (Parafibromin	 or	 PAF1	 Homolog,	 Paf1/RNA	
Polymerase	 II	Complex	Component)(Lin	et	al.,	 2008),	p300	 (EP300,	E1A	Binding	














Expression level of different co-activators of Notch in different transcriptional states obtained in our sc-RNAseq 




Protein	 ubiquination	 is	 a	 post-translation	modification	 involved	 in	 numerous	
cellular	 processes	 such	 as	 targeting	 proteins	 for	 proteasomal	 degradation,	 cell	
division	 and	 cell	 apoptosis	 (Hershko	 and	 Ciechanover,	 1998;	 Zheng	 and	 Shabek,	
2017).	 It	 comprises	 the	 covalently	 ligation	 of	 ubiquitin	 (Ub),	 a	 76-	 amino	 acid	
protein,	 to	 lysine	 residues	 in	 specific	 targeted	 proteins.	 These	modifications	 are	
coordinate	and	performed	mainly	by	three	enzymes:	E1	ligase	(ubiquitin	activating	
enzyme),	 E2	 ligase	 (ubiquitin	 conjugating	 enzyme)	 and	 E3	 ubiquitin	 ligase	 (E3	
ligase)(Hershko	and	Ciechanover,	1998).	The	final	step	of	ubiquination	is	catalysed	
by	E3	ligases	that	transfers	ubiquitin	molecules	from	E2	to	the	targeted	protein.		In	





receptor	 and	 ligand	 trafficking	 from	 the	 cell	 surface	 to	 endocytic	 compartments,	
playing	 dual	 roles	 in	 inhibition	 and	 activation	 of	 Notch	 signalling	 (Fostier	 et	 al.,	
1998;	Perry	et	al.,	1998;	Chen	and	Matesic,	2007;	Zhu	et	al.,	2017).	The	transport	of	








precursor	 cell-expressed	 developmentally	 downregulated	 four	 /	 NEDD-1)	 and	
NEDD4L	(neural	precursor	cell-expressed	developmentally	downregulated	four	like	
/	NEDD-2)	are	E3	ubiquitin	ligases	it’s	ubiquination	directs	Notch	receptors	to	its	
degradation	 in	 lysosomes	 (Chen	 and	 Matesic,	 2007;	 Moretti	 and	 Brou,	 2013).	
Because	 its	 ability	 to	 decrease	 the	 availability	 of	 NICD	 in	 the	 cell	 NEDD4	 and	









 T-SNE dimensionality reduction of NEDD4 (A), NEDD4L (B), DTX2 (C), DTX3 (D), DTX4 (E) and HES1 (F). Violin plots 
















Palmer	 and	Deng,	 2016).	 However,	 this	mechanism	 is	 still	 poorly	 understood	 in	
humans	(Bray,	2016).	Four	Deltex	orthologues	are	found	in	human	genome	(DTX1-
4)	(Watanabe	et	al.,	2003;	Lehar	and	Bevan,	2006;	Chastagner,	Rubinstein	and	Brou,	
2017)	and	 In	our	data	we	could	 find	significative	RNA	 levels	of	DTX2,	DTX3	and	
DTX4	but	DTX1.		
Levels	of	DTX3	were	lower	and	mainly	present	in	cells	of	the	basal	layer	while	
levels	of	DTX4	were	very	 low	but	present	 in	basal	 layer	 (Figure	51).	Conversely,	
DTX2	showed	the	most	abundant	showing	higher	expression	 in	the	spinous1	cell	






Notch	 signalling	 can	 be	modulated	 by	 post-translational	modifications	 in	 the	
extracellular	 domain.	 Fringe	 proteins	 are	 glycosyltransferases	 that	 transfer	 N-
acetylglucosamine	 to	 O-fucose	 residues	 in	 Notch	 EGF	 repeats	 during	 passage	
through	 the	 Golgi	 complex	 (Irvine,	 2008)(Figure	 48).	 In	 mammals,	 FRINGE	




known	 for	 their	 ability	 to	 increase	 the	 Notch	 affinity	 for	 Dll1	 and	 inhibit	 JAG	























Expression levels and t-SNE reduction of Lunatic Fringe (LFNG), Manic Fringe (MFNG) and Radical Fringe (RFNG). 
Each dot represents one observation (one cell). In the bottom panel the t-SNE reduction showing the different 





study	 published	 by	 Lopez-Pajares	 et	 al	 (2015)	 gene	 expression	 analysis	 was	







53).	 When	 analysing	 LFNG	 expression	 levels,	 skin	 showed	 the	 highest	 level	 of	
expression	of	this	gene	in	comparison	with	all	tissue	data	available.		Interestingly,	











Average expression of lunatic fringe (LFNG) in different human tissues. Data was obtained using the GTEx project 
portal on 20/06/2018. GTEx Analysis Release V7 (dbGaP Accession phs000424.v7.p2). 
 
 
Skin - Not Sun Exposed (Suprapubic)




































the	 three	 different	 fringes	were	 observed.	 However,	 it	 was	 clear	 that	 LFNG	 and	
RFNG	showed	higher	expression	than	MFNG.	This	data	validates	our	single-cell	data.		
	 We	next	investigated	whether	cells	in-vitro	could	display	a	similar	expression	
pattern	 (Figure	 54C).	 We	 analysed	 gene	 expression	 in	 primary	 keratinocytes	
cultured	in	two	different	media:	KSFM	and	FAD.	FAD	medium	supports	proliferation	
and	 terminal	 differentiation	 and	 contains	 >	 1	mM	 Calcium	 ions	 and	 10%	 foetal	
bovine	serum	(Watt,	Broad	and	Powse,	2006).	KSFM,	on	the	other	hand,	is	serum-
free	with	a	high	concentration	of	EGF	and	maintains	cells	in	a	growth	state,	with	a	
low	 proportion	 of	 differentiated	 cells	 (Tsao,	Walthall	 and	 Ham,	 1982;	 Saunders,	
Smith	and	Jetten,	1993).	After	24	hours	growing	in	KSFM	or	FAD,	gene	expression	
was	evaluated.	We	observed	a	 similar	expression	pattern	 to	human	epidermis	 in	







Expression of Fringe proteins in vivo (A and B) and in-vitro (C), in two different culture media, FAD (media that induces 
differentiation) and KSFM (media that maintain cells in a stem cell state).  Bars represent the average fold change in 
mRNA abundance (normalised to expression of RPS18, GAPDH and TBP) compared to the control condition in each 
experiment. Error bars represent standard deviation (SD). Statistical differences between sets of data were analysed 


























































































	 In	 Chapter	 3,	 we	 observed	 an	 induction	 of	 terminal	 differentiation	 in	
keratinocytes	 exposed	 to	 immobilized	 Jagged	 proteins.	 Since	 LFNG	 can	 modify	
Notch	receptor	affinity	for	ligands	(Stanley	and	Guidos,	2009;	Williams	et	al.,	2016a;	










Expression profiles of terminal differentiation markers in Km and Kn keratinocytes (A and C, respectively).  LFNG and 
RFNG expression profiles in Km and Kn keratinocytes exposed to recombinant fc-ligands (C and D, respectively).  Bars 
represent the average fold change in mRNA abundance (normalised to expression of RPS18, GAPDH and TBP) 
compared to the control condition in each experiment. Error bars represent standard deviation. Statistical differences 
between sets of data were analysed with a two-tailed, unpaired Student’s t-test. P value of 0.5 or less was considered 











































































































































These	 results	 suggest	 two	 different	 hypotheses.	 First,	 the	 reduction	 in	 LFNG	
could	be	 associated	with	 the	 terminal	differentiation	programme	and	 cells	 could	
show	low	levels	of	LFNG	as	a	result	of	terminal	differentiation.	This	result	could	be	
consistent	 with	 our	 observations	 in	 vivo	 from	 single-cell	 transcriptomics	 and	








To	 investigate	 the	 effects	 of	 differentiation	 on	 fringe	 expression	 levels,	 we	
separated	 keratinocytes	 by	 differential	 cell	 adhesion	 as	 previously	 described	 in	






 Expression profiles of fringe genes in different subpopulations of keratinocytes. SC: stem cell, TA: transit-amplifying 
and TD: terminally differentiating. Bars represent the average fold change in mRNA abundance (normalised to 
expression of RPS18, GAPDH and TBP) compared to the SC fraction. Error bars represent standard deviation. 
Statistical differences between sets of data were analysed with a two-tailed, unpaired Student’s t-test. P value of 
0.5 or less was considered statistically significant (*). N=3.   
				 	
Thereafter,	we	decided	to	use	a	different	differentiation	assay	to	observe	if	the	
last	 result	 could	 be	 confirmed.	 Accordingly,	 we	 induced	 differentiation	 by	


















































Expression levels in ddCT values against housekeeping genes GAPDH, 18S and TBP of LFNG, RFNG, commitment 
markers DUSP6 (C) and DUSP10 (D) on cells growing in suspension in FAD media e methylcellulose. Differentiation 







	 To	explore	the	function	of	LFNG	and	RFNG	in	keratinocytes	 in	vitro	and	 in	









































































































































 siRNA was transfected into cultured keratinocytes growing in KSFM medium. After 24 hours media was changed to 
FAD medium to induce differentiation. After 24 hours and 48 hours of culture cells were lysed, and gene expression 






the	 siRNA	 pool	 but	 was	 consistent	 in	 all	 six	 independent	 experiments	 (N=6).		
Interrogating	 this	 result,	 we	 performed	 a	 lentiviral	 transfection	 containing	 an	
shRNA	targeting	only	one	RFNG	mRNA,	and	we	observed	a	similar	effect	on	LFNG	
(Figure	 59G).	 Although	 these	 effects	 restrict	 our	 evaluation	 of	 RFNG	 effects	 on	
differentiation,	we	could	use	this	experiment	as	a	condition	where	LFNG	and	RFNG	
are	 downregulated	 together.	We	 observed	 an	 increase	 in	 p63	 and	 a	 decrease	 in	
TGM1	expression	at	48	hours	after	siRNA	transfection	(Figure	59,B	and	C).	We	also	
analysed	the	expression	of	other	terminal	differentiation	markers,	Notch	pathway	
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 Expression profiles of (A) Fringe genes, (B) dP63, (C) IVL, (D) TGM1, (E) Notch receptors and Notch targets in 
keratinocytes transiently transfected with siRNA (N=6). (F) shRFNG effects on fringe genes (N=1) Bars represent the 
average fold change in mRNA abundance (normalised to expression of RPS18, GAPDH and TBP) compared to the 
control condition in each experiment. Error bars represent standard deviation. Statistical differences between sets of 
data were analysed with a two-tailed, unpaired Student’s t-test. P value of 0.05 or less was considered statistically 





















































































































































































































































































































































 Expression profiles of (A) Fringe genes, (B) TGM1, (C) IVL, (D) dP63, (E) Dll1 (F), DUSP6 (G) Notch targets and Notch 
receptors. Bars represent the average fold change in mRNA abundance (normalised to expression of RPS18, GAPDH 
and TBP) compared to the control condition in each experiment. Error bars represent standard deviation. Statistical 
differences between sets of data were analysed with a two-tailed, unpaired Student’s t-test. P value of 0.05 or less 
was considered statistically significant (*). N=3.   
	
We	 also	 performed	 clonogenicity	 assays,	 transferring	 siRNA	 transfected	 cells	
after	24	hours	in	KSFM	medium	to	feeder	cells	and	FAD	medium	(Figure	61).	After	
14	days	of	culture,	we	observed	a	reduction	in	the	number	of	colonies	formed	by	
cells	 treated	 with	 siRFNG	 and	 siLFNG	 compared	 with	 the	 controls.	 	 This	 result	









































































































































































































































































































































LFNG siRNA  48hs














 A) Number of keratinocyte colonies per well. NTC: Non target control, siRNA scrambled control. Control: 
keratinocytes cultivated for 24 hours in KSFM without transfection. Experiment was performed in technical 
duplicates (n=2). B: Representative wells of colonies stained with 1% Rhodanile Blue (1:1 mixture of Rhodamine B 





	 Since	 LFNG	knockdown	affected	 terminal	 differentiation	 and	Notch	 target	
gene	 expression	 we	 decided	 to	 explore	 the	 effects	 of	 LFNG	 on	 primary	 human	
keratinocytes	further.	We	opted	to	generate	keratinocytes	overexpressing	LFNG	to	
investigate	 if	overexpression	of	LFNG	can	have	opposite	effects	 to	 those	of	LFNG	
knockdown.	We	 obtained	 constitutive	 expression	 of	 LFNG	 using	 lentivirus.	 As	 a	
control	we	overexpressed	GFP.		
	 LFNG	 expression	 levels	 are	 shown	 on	 Figure	 62.	 Using	 the	 same	
differentiation	assay	employed	for	siRNAs	we	investigated	the	expression	of	genes	
involved	in	keratinocyte	differentiation	and	proliferation.	This	assay	was	performed	


















Expression profiles of (A) LFNG, (B) differentiation markers, (C) Notch receptors, dP63 and DUSP6, (D) Notch targets. 
Bars represent the average fold change in mRNA abundance (normalised to expression of RPS18, GAPDH and TBP) 
compared to the control condition in each experiment. Error bars represent standard deviation. Statistical differences 
between sets of data were analysed with a two-tailed, unpaired Student’s t-test. P value of 0.05 or less was considered 
statistically significant (*). N=3.   
 
We	next	 investigated	 the	expression	of	 the	proliferation	marker	Ki67	 in	both	
cells	(Figure	64).	Interestingly,	we	observed	a	higher	number	of	Ki67	positive	cells	
in	 cultures	 overexpressing	 LFNG	 when	 compared	 with	 the	 controls.	 Hence,	 we	


































































































































A) Total number of colonies per well. 1000 cells were seeded in each well. Number of stem cell colonies per well, as 
defined by larger colonies. Experiment was performed in technical triplicates. B) Representative wells of colonies 





Percentage of cells showing nuclear KI67 immunostaining. Statistical differences between sets of data were 
analysed with a two-tailed, unpaired Student’s t-test. P value of 0.05 or less was considered statistically significant 


























































































































 A) Schematic representation of cells exposed to recombinant Notch ligands, Integrin, Fibronectin and protein G. B-F) 
Expression levels on substrates containing immobilized fc-ligands or anti-B2MG. (N=3). Statistical differences 
between sets of data were analysed with a two-tailed, unpaired Student’s t-test. P value of 0.05 or less was considered 





































































































































































































































































































Brightfield image of keratinocytes containing cytoplasmatic projections (black arrows) when cells are cultivated in 












Schematic representation of the skin reconstitution assay used to investigate the ability of keratinocytes 
overexpressing LFNG to support epidermal stratification. Adult skin biopsies were used. The epidermis was detached 
from the dermis using enzymatic digestion with dispase. Following that, thawing and freezing steps were performed 
by transferring the dermis between liquid nitrogen and ambient temperature. Normal human fibroblasts were 
injected into the dermis at day zero, and after 24 hours human keratinocytes were added to the top of the dermis. 
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We	 performed	 a	 pilot	 experiment	 with	 two	 distinct	 organotypic	 cultures	
containing	 LFNG	 overexpressing	 cells	 or	 controls	 (keratinocytes	 overexpressing	
GFP).	In	the	two	reconstituted	skins	containing	LFNG	overexpressed	keratinocytes,	








Parakeratosis	 is	defined	as	 a	disease	of	 abnormal	keratinocyte	differentiation,	 in	
which	 nucleated	 cells	 can	 be	 found	 in	 the	 stratum	 corneum	 (Brady,	 2004;	
Ruchusatsawat	 et	 al.,	 2011).	 Several	 dermatoses	 display	 this	 phenotype,	 such	 as	










Epidermal thickness was quantified in multiple fields from three sections per replicate.  Erros bars show standard 

























Representative images of skin reconstituted by keratinocytes overexpressing GFP (Ctrl1, Ctrl2) or LFNG (LFNG1, 
LFNG2). Red arrow shows suprabasal cells with nuclei and black arrows show cornified cells surrounded by 





mediated	 cell	 fate	 decisions	 in	 the	 IFE.	 Initial	 analysis	 of	 our	 single-cell	 RNA	
sequencing	revealed	that	different	regulators	are	expressed	in	human	IFE	in	vivo.	
We	 then	 chose	 to	 explore	 the	 glycosyltransferase	 lunatic	 fringe	 (LFNG).	 LFNG	





cis-inhibition	 effect	 in	 cultured	 keratinocytes	 and	 that	 Jagged	 ligands	 induce	
terminal	differentiation.	Since	LFNG	increases	Notch	affinity	for	Dll1	and	decreases	
affinity	 for	 Jagged,	 we	 opted	 to	 investigate	 the	 impact	 of	 these	 enzymes	 in	
keratinocytes	biology.		
We	confirmed	the	expression	of	all	fringe	genes	in	vitro	and	in	vivo.	Knockdown	









After	 that,	 we	 induced	 overexpression	 of	 LFNG	 in	 human	 keratinocytes,	
observing	 a	 decrease	 in	 differentiation	 and	 an	 increase	 in	 p63	 gene	 expression.	
Furthermore,	we	observed	an	increase	in	nuclear	ki67	and	colony	formation	ability	
evidencing	 a	 proliferative	 state	 in	 cells	 overexpressing	 LFNG.	 These	 results	 are	
consistent	with	 the	hyperproliferative	epidermis	 formed	by	LFNG	overexpressed	
keratinocytes	in	a	pilot	experiment	involving	reconstituted	skin	 in	vitro.	All	these	
results	 suggest	 that	LFNG	expression	might	 influence	cell	 fate	decisions	between	
proliferation	and	differentiation.		




shown	 in	 Figure	 48.	 This	 requirement	 could	 affect	 our	 LFNG	 overexpression	
experiments	 where	 cells	 overexpressing	 LFNG	 would	 not	 necessarily	 have	
functional	activity.	In	this	case,	co-overexpression	of	Pofut1	would	be	interesting,	as	
it	would	enable	us	to	explore	the	real	effects	of	this	enzyme	in	human	keratinocytes.	
Nevertheless,	 even	with	 this	 observation,	we	 still	 can	 see	 a	 significant	 impact	 of	









same	 treatment.	 Nevertheless,	 the	 ability	 of	 RFNG	 to	 increase	 the	 Notch	 signal-
receiving	state	might	have	a	function	in	the	IFE	and	is	an	exciting	target	to	explore	
in	 future	 studies.	 While	 MFNG	 showed	 low	 expression	 in	 vivo,	 we	 observed	







these	 two	 states.	 Here,	 we	 hypothesised	 that	 LFNG	 might	 act	 by	 modulating	
keratinocyte	 fate	 decisions	 between	 differentiation	 and	 proliferation.	 Due	 to	 its	
versatility	 in	 inducing	 different	 outcomes,	 LFNG	 function	 in	 the	 IFE	 could	 be	
explained	by	two	distinct	mechanisms	(Figure	70).	First,	LFNG	could	have	a	role	in	
protecting	stem-cells	and	progenitor	cells	against	premature	differentiation	(Figure	










plasma	 membrane	 (Figure	 70B).	 This	 would	 allow	 the	 cells	 to	 display	
simultaneously	cis-inhibition	and	a	sending-signal	state	based	on	Jag.	In	this	case,	
basal	cells	3	and	4	could	protect	themselves	against	differentiation	and	at	the	same	
time,	 stimulate	 available	 cells	 to	 differentiate.	 Previously	 Lowell	 and	 collegues	
showed	 that	 overexpressing	 Dll1	 keratinocytes	 do	 not	 differentiate	 but	 induce	





In the stem cell compartment cells express LFNG, Jagged1/2 and Dll1. LFNG induces cis-inhibition based on Notch/Dll1 
interaction (A) leaving available Jagged ligands in the membrane. Jagged ligands on the surface of stem cells can only 
activate cells that do not have LFNG activity (B). Receiving cell activates Notch signalling and thereby the terminal 


































decreasing	 stemness	 and	 thereby	 Notch	 signalling.	 This	 effect	 could	 explain	 the	
results	 obtained	 in	 our	 LFNG	 knockdown	 experiments	 where	 we	 observed	 a	
decrease	in	differentiation	and	also	in	the	stem	cell	marker	p63.	On	the	other	hand,	
overexpression	of	LFNG	would	induce	cells	to	increase	cis-inhibition	through	Dll1	
and	 a	 reduction	Notch	 signals	mediated	 by	 Jagged.	 	 In	 this	 case,	 cells	would	 not	
activate	Notch	signalling,	and	as	a	consequence,	cells	would	maintain	a	proliferative	
state	exemplified	by	 the	expression	of	TP63	and	KI67.	 	Even	 if	 this	hypothesis	 is	
attractive,	we	still	have	to	increase	our	comprehension	of	Notch	signalling	dynamics	











































preferences	 in	 keratinocytes.	 We	 showed	 in	 Chapter	 5	 that	 lunatic	 fringe	 is	 a	





















One	of	 the	most	remarkable	 findings	was	the	expression	of	Dll1	 in	two	states	
(termed	 here	 in	 this	 thesis,	 “basal	 3”	 and	 “basal	 4”).	 A	 study	 from	 our	 group	
previously	showed	that	cells	in	the	stem	cell	compartment	in	vivo	and	in	vitro	could	



















used	 to	 explore	 not	 only	 Notch	 signalling	 but	 all	 the	 different	 cell	 states	 and	
signalling	mechanisms	in	vivo,	being	a	significant	contribution	to	the	field.		
 







cultured	 keratinocytes.	 Hence,	 reproducing	 the	 stem	 cell	 compartment	 and	
overexpressing	zebrafish	Dll1,	we	could	observe	a	decrease	in	differentiation	in	cells	
in	 contact	 with	 Jagged	 ligands.	 This	 validates	 previous	 data	 that	 support	 cis-
inhibition	mediated	by	Dll1	 as	being	 responsible	 for	maintaining	 these	 cells	 in	 a	
stem/progenitor	state	(Lowell	et	al.,	2000;	Lowell	and	Watt,	2001;	S.	Estrach,	Legg	
and	Watt,	2007).	Further	supporting	these	observations,	experiments	inducing	Dll1	











our	 knowledge	 regarding	 the	 ligands	 and	 receptors	 but	 also	 Notch	 pathway	
regulators.	
The	 analysis	 of	 the	 single	 cell	 analysis	 experiment	 showed	 that	 Jagged1	
expression	 is	 spread	 in	 all	 populations	 but	 higher	 in	 the	 suprabasal	 layers.	 This	
increase	 can	be	a	 result	of	Notch	activation	happening	 in	 the	 transition	between	
basal	to	suprabasal	cells.		Jagged1	expression	has	been	showed	to	be	regulated	by	
Notch	activation	(Ambler	and	Watt,	2010;	Chen	et	al.,	2010;	Manderfield	et	al.,	2012;	






immune	cells	 (Osawa	and	Fisher,	2008).	 	Future	experiments	using	cells	 that	are	
already	committed	with	differentiation	can	help	to	elucidate	Jagged1	function	in	the	
suprabasal	 layers.	 Experiments	 mixing	 normal	 committed	 keratinocytes	 with	
keratinocytes	 Jagged	 1	 knockdown	 or	 overexpressed	 can	 give	 us	 information	 in	
which	extent	Jagged1	affects	terminal	differentiation.		
Experiments	 using	 other	 cell	 types	 in	 the	 IFE	 is	 still	 challenging	 and	become	
more	challenging	in	vitro	to	investigate	it.	Although	there	are	differences	between	
mouse	 and	 human	 skin,	 studies	 in	 mouse	 investigating	 different	 cell	 types	
interaction	can	give	us	information	about	what	is	happening	in	humans.	A	recent	
study,	discussed	in	session	6.4.5,	showed	that	in	mouse	Tregs	expressing	Jagged	can	





















In	 the	 IFE,	 among	 the	 different	 pathways	 involved	 in	 cell	 decisions	 between	
proliferation	and	differentiation	the	antagonism	between	p63	and	Notch	stands	out	
(Nguyen	et	al.,	2006;	Dotto,	2009).	While	Notch	signalling	induces	cell	growth	arrest	
and	 terminal	differentiation,	p63	 transcription	 factors	can	counteract	 its	activity,	
promoting	proliferation	and	stem	cell	maintenance	(Dotto,	2009).	
Overexpression	 of	 LFNG	 suggested	 reduction	 of	 Notch	 signalling	 and	
differentiation	levels	while	increasing	proliferation	in	cultured	keratinocytes.	This	





Interestingly,	 when	 we	 exposed	 cells	 overexpressing	 LFNG	 to	 recombinant	











A) P63 activity is higher in proliferative cells in the basal layer. Conversely, Notch activity is higher in the suprabasal 
layer. B) Cross talk between different players in proliferation/differentiation homeostasis. P63 can induce the 
expression of integrins and Wnt, molecules involved in maintaining residence of cells in the basal layer. P63 
downregulates HES1, a Notch target. Notch activation induces early differentiation markers such as Keratin 1 (K1) and 
Keratin 10 (K10) and Notch targets (p21 and HES1). On the other hand, Notch blocks p63 in collaboration with IRFs, 
NF-kB and WNT, switching the cells from a proliferative state to commit to differentiation. Here we hypothesise that 











































in	 the	 IFE.	 Here	 we	 hypothesise	 that	 LFNG	 might	 be	 acting	 in	 cis	 and	 trans-
interactions,	but	the	biological	significance	still	needs	to	be	explored.				
To	 clarify	 the	 observed	 ability	 of	 LFNG	 in	 affecting	 proliferation	 and	
differentiation	 we	 propose	 different	 experiments.	 Firstly,	 it	 is	 important	 to	 co-
culture	 keratinocytes	 overexpressing	 or	 downregulating	 LFNG	 with	 normal	
keratinocytes.	Observing	the	effects	on	Notch,	differentiation	and	proliferation	after	
cell-cell	interactions	between	these	two	cell	types	can	give	us	evidence	as	to	how	
significant	 the	 observed	 effect	 is	 and	 whether	 it	 is	 due	 to	 cell-cell	 interactions.	
Secondly,	we	must	 confirm	 that	 LFNG	 is	 affecting	 the	 Notch	 receptors	 ability	 to	
reduce	or	increase	affinity	to	its	ligands.	Here,	we	propose	the	Notch	ligand	binding	
assay	 as	 an	 evident	 experiment	 to	 answer	 that	 question.	 In	 this	 assay,	 cells	 are	
exposed	to	recombinant	Fc-ligands	followed	by	fluorescent	anti-Fc	antibodies.	Using	
flow	cytometry	analysis,	it	is	possible	to	observe	the	number	of	cells	able	to	attach	
to	 Fc-ligands	 and	 compare	 normal	 keratinocytes	 and	 keratinocytes	 with	 LFNG	
overexpressed	or	downregulated.	This	assay	could	allow	us	to	observe	not	only	if	




The	 effects	 of	 RFNG	 and	 MFNG	 in	 vivo	 and	 in	 vitro	 remain	 to	 be	 explored.	
























E3 ubiquitin-ligases are candidates for Notch signalling regulation in human skin. (A) Upon Notch ligand binding NICD 
is released and translocated to the nucleus where it binds to the activation complex (RBPBJ/CSL, MAML1-3). (B) When 
Notch receptors are not activated NEDD4 and Deltex can ubiquitinate the NICD and transport Notch receptors to 
endosomal compartments inducing its degradation through lysosomes. (C) Deltex in absence of NEDD4 family 
member can induce the nuclear internalisation of NICD and activation of Notch. (D) The ubiquitin ligase FBXW7 can 
ubiquitinate nuclear NICD and marking it to proteasomal degradation, acting as a modulator in intensity and 
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NEDD4 and NEDD4L are E3 ubiquitin ligases that ubiquitinate and transport 
NICD to endosomal compartments where it is targeted to degradation or recycling (Chen 
and Matesic, 2007; Boase and Kumar, 2015; Zhu et al., 2017)(Figure 72). In humans, 
NEDD4 targets Notch receptors but is still not clear if NEDD4L can do the same (Chen 
and Matesic, 2007). Still, a study performed by Totaro and colleagues (2018) showed that 
NEDD4L knockdown in human keratinocytes in vitro can increase Notch activity and 
differentiation, suggesting an influence of NEDD4L in Notch in this cell type (Totaro et 
al., 2017). In our dataset, expression of NEDD4L was higher in the "transition" state, 
presenting as a marker for this cell cluster. Pseudo time analyses suggested that this state 
precedes the state containing high levels of Notch activity (spinous 1) but still does not 
show high expression of Notch targets genes (i.e. HES/HEY family members). In this 
scenario, NEDD4L may act as a negative regulator of Notch inducing the receptor 
degradation. Hence, expression of NEDD4L could be higher as a negative feedback 
response to control intensity and duration of Notch signals. It is not possible to exclude 
the possibility of NEDD4L targeting other proteins and pathways in the "transition" state. 
Nevertheless, NEDD4L seems to be a potential target for future studies exploring cell 
fate decisions in the IFE.  
Expression of the gene Deltex-2 (DTX2) also revealed to be high in one exclusive 
cell state in our dataset) (Figure 72). In contrast with NEDD4L, Deltex can have a dual 
and distinct role in Notch signalling. First, it can be involved in activating Notch 
signalling in a non-ligand-dependent manner or it can induce transport to endosomes and 
further degradation by lysosomes (Matsuno et al., 1995, 1998; Fostier et al., 1998)(Figure 
72). Although there is still lack of knowledge about Deltex-2 it is suggested that this 
protein deactivates NICD in the presence of NEDD4 family members (For example, 
NEDD4/NEDD4L)(Cheng et al., 2015). In the absence of NEDD4, Deltex-2 would target 
NICD and induce its translocation to the nucleus and further Notch activation (Sakata et 
al., 2004; Chen and Matesic, 2007; Bray, 2016) (Figure 72). There are still no studies 
exploring DTX2 in human keratinocyte terminal differentiation and it is very interesting 
that is highly expressed in the "spinous 1" layer. As it is also possible to find expression 
of NEDD4 and NEDD4L in the same state, we suggest that DTX2 and NEDD4/NEDD4L 
could act by reducing Notch receptors as a response to high Notch activation.  However, 
we cannot exclude the possibility of DTX2 of increasing nuclear NICD and activating 
Notch signalling or both events happening at the same time in vivo. Further studies on the 
function of DTX2 in keratinocytes can be appealing as there are no studies in its function 




Finally, FBXW7 appears in our dataset as a possible negative modulator of Notch 
in the skin.  FBXW7 acts in Notch modulation controlling proteasome-mediated 
degradation of nuclear NICD) (Figure 72)(Carrieri and Dale, 2017; Yeh, Bellon and 
Nicot, 2018) and it is highly expressed in the basal population 2 and transition cell states. 
In a study using mouse keratinocytes, it was observed that its knockout can promote 
hyperproliferation and decrease differentiation in primary keratinocytes (Ishikawa et al., 
2013). Similarly to other E3 ubiquitin-ligases, FBXW7 can target other proteins,such as 
c-myc and Jun (Hoeck et al., 2010; Sato et al., 2015; Yeh, Bellon and Nicot, 2018). 
Therefore, it is unknown to what extent this enzyme is acting as a Notch modulator in the 
IFE. Nevertheless, this protein is an attractive target for future studies to explore the 





signalling.	 	 In	 a	 study	 performed	 by	 Patterning	 and	 colleagues	 (2017),	 it	 was	
demonstrated	that	Notch	signalling	could	be	proportional	to	the	cell	contact	area	
between	different	cells.	Using	modelling,	it	was	shown	that	smaller	cells	are	likelier	
to	produce	Notch	signals	 than	 larger	cells.	As	an	example,	 it	was	explored	Notch	
signalling	in	inner	ear	homeostasis,	where	hair	cell	progenitors	are	smaller	than	the	
cells	that	are	receiving	their	signals	(Patterning	et	al.,	2017).	Keratinocytes	shows	




















The	 distinct	 expression	 patterns	 observed	 in	 the	 different	 layers	 of	 the	 skin	




follicles	 highly	 express	 Jagged	 1	 and	 activate	 Notch	 receptors	 in	 HFSC,	 inducing	
proliferation	and	differentiation	of	HF.	
Moreover,	 it	 is	 also	 known	 that	 Notch	 signalling	 is	 important	 for	 the	
maintenance	 of	 melanocyte	 stem	 cells	 in	 the	 epidermis	 (Moriyama	et	 al.,	 2006,	
2008;	Osawa	and	Fisher,	2008).	 It	has	been	suggested	 in	mice	 that	keratinocytes	
expressing	Notch	 ligands	 can	activate	Notch	 in	melanocyte	 stem	cells	 (Lee	et	al.,	
2007).	Furthermore,	Golan	and	colleagues	(2015)	have	shown	that	melanoma	cells	
in	 contact	with	 suprabasal	 keratinocytes	 expressing	 (Notch)	 ligands	 can	 activate	
Notch	receptors	(Moriyama	et	al.,	2006;	Kumano	et	al.,	2007;	Schouwey	et	al.,	2007;	
Golan	et	al.,	2015).	This	keratinocyte-melanoma	interaction	can	trigger	the	invasion	
stage	 characterised	 by	 dermal	 cell	 invasion	 and	 an	 increase	 in	 vascularization	
enabling	 the	 cells	 to	disseminate	 and	 form	metastasis	 (Gaggioli	 and	Sahai,	 2007;	
Golan	et	al.,	2015).	
Our	single	cell	RNAseq	data	shows	that	expression	of	different	Notch	ligands	and	
receptors	 are	 high	 and	 spread	 in	 the	 IFE	 (Chapter	 3)	 and	 are	 likely	 to	mediate	
interactions	with	other	cell	types.	Hence,	considering	that	our	data	comprises	in	vivo	
samples,	distinct	transcriptional	profiles	observed	in	our	data	might	be	correlated	
to	 interactions	with	 other	 cell	 types,	 inflammatory	 responses	 or	wound	 healing.	
Immune	 cells	 and	 melanocyte	 RNA	 levels	 were	 excluded	 from	 our	 data	 before	
bioinformatic	 analysis.	 Integrating	 these	 datasets	 can	 give	 an	 opportunity	 to	
investigate	different	cell	 types	 interactions	 in	the	IFE	in	vivo.	This	analysis	might	
give	 us	 clues	 of	 new	 interactions	 to	 be	 explored	 not	 only	 with	 Notch	 but	 other	





















state.	 Next,	 we	 can	 see	 the	 transcriptional	 profile	 of	 the	 first	 cells	 of	 the	 suprabasal	 layer	 ("spinous	 1"),	
expressing	KRT1	and	exhibiting	a	peak	in	the	expression	Notch	target	HES1.	After	this	step,	our	model	suggested	








between	“basal	3”	and	“basal	4”.	Based	on	our	analyses,	 it	 is	not	clear	 if	 this	 is	a	
 
161 
unidirectional	 process	 or	 the	 cells	 could	 transit	 between	 these	 states	 before	
commitment	 at	 the	 “transition”	 state.	We	 cannot	 exclude	 the	 possibility	 that	 an	
interconvertible	 mechanism	 between	 these	 populations	 occurs,	 or	 a	
dedifferentiation	 programme	 exists	 in	 this	 tissue.	 Although	 we	 cannot	 explore	
plasticity	 in	our	model,	 this	preliminary	 lineage	 inference	and	the	transcriptional	






include	 “spinous	 1”	 as	 an	 intermediate	 state	 during	 this	 process.	 “Spinous	 1”	 is	
characterised	as	a	state	displaying	intermediate	levels	of	KRT14	(basal	marker)	and	
KRT1	 (spinous	 layer	 marker),	 suggesting	 that	 the	 cells	 in	 this	 state	 must	 be	
transiting	between	the	two	layers.	Moreover,	this	cluster	was	the	state	with	higher	
expression	of	HES1.	This	data	highlights	 the	 importance	of	HES1	 in	 the	 terminal	
differentiation	programme	as	suggested	before	in	studies	in	vitro	(Lefort	et	al.,	2007;	
Mandinova	et	al.,	2008;	Restivo	et	al.,	2011;	Totaro	et	al.,	2017).	Hence,	it	shows	a	
key	role	 in	differentiation	and	deeper	 investigation	 into	 this	 transcriptional	state	
can	increase	our	comprehension	of	the	differentiation	mechanisms	in	keratinocytes.		
Our	analysis	also	brought	attention	to	the	“proliferation”	state.	According	to	the	
pseudo	 times,	 it	 is	 suggested	 that	 cells	 could	 achieve	 a	 spinous	 profile	 without	
necessarily	 going	 through	a	proliferation	 state.	 	 The	most	well-known	model	 for	
keratinocyte	differentiation	proposes	 that	cells	would	proliferate	before	entering	




lineage	 inference	presented	here	 and	 assuming	 that	 the	 “proliferation”	 state	 is	 a	
state	where	the	cells	can	transit	between	these	states	-	our	data	supports	that,	 in	

















future	 work	 will	 clarify	 to	 which	 extent	 LFNG	 is	 important	 in	 mediating	 cis-
inhibition	 or	 trans-activation	 in	 human	 skin.	 I	 also	 analysed	 a	 single-cell	 RNA	
sequencing	dataset	that	explored	distinct	IFE	states	in	vivo.	This	contribution	to	the	
























seurat_obj <- NormalizeData(seurat_obj, normalization.method = "LogNormalize", scale.factor = 
10000) 
 
#Batch effect visualisation 




VizDimLoadings(seurat_obj, dims = 1:10, reduction = "pca") 
ElbowPlot(seurat_obj) 
 
#Clustering Cells  
seurat_obj <-FindNeighbors(seurat_obj, dims = 1:10) 
seurat_obj <-FindClusters(seurat_obj, resolution = 0.5) 
 
#Finding markers 
all.markers <- FindAllMarkers(object = seurat_obj) 
 
#Finding specific cluster markers 
cluster1.markers <- FindMarkers(seurat_obj, ident.1 = "basal 1", min.pct = 0.25) 
 
#Reordering the data based in the ClusterTree 
seurat_obj= BuildClusterTree(seurat_obj, reorder = TRUE, reorder.numeric = TRUE) 
PlotClusterTree(object = seurat_obj) 
TSNEPlot(object = seurat_obj, do.label=T) 
 
#Adding clusters labels 
current.cluster.ids = c( 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13) 
new.cluster.ids = c("granular", "spinous 1", "spinous 2", "spinous 3", 
                    "spinous 4 ", "spinous 5", "transition", "immune","proliferation","basal 1","basal 
2","basal 3", "basal 4") 
names(x = new.cluster.ids) <- levels(x = seurat_obj) 







#tSNE plot visualization 
FeaturePlot(seurat_obj, features = c("Gene1","Gene2","Gene3"),  pt.size=0.6, cols = 
c("ivory3","purple"), reduction = "tsne") 




## Higly expression dispersion 
VlnPlot(seurat_obj,c("gene1","gene2","gene2"), pt.size = 0) 
## Lowly expression dispersion 
VlnPlot(seurat_obj,c("gene1","gene2","gene3"), pt.size = 0.1) 
 
#DotPlot 
DotPlot(seurat_obj, features=c("gene1","gene2","gene3"), do.return=T, cols = "RdYlBu") + 
RotatedAxis() 
 
# Find differentially expressed features between SC  and all other cells, only search for positive 
results 
basal1xbasal2 <- FindMarkers(seurat_obj, ident.1 = "basal 1", ident.2 = "basal 2", only.pos = TRUE) 
basal2xbasal3<- FindMarkers(seurat_obj, ident.1 = "basal 2", ident.2 = "basal3", only.pos = TRUE) 




seurat_obj <- RunUMAP(seurat_obj, reduction = "pca", dims = 1:10) 
 
#Run slingshot 
sds <- slingshot(Embeddings(seurat_obj, "umap"), clusterLabels = seurat_obj$seurat_clusters, 
start.clus = 13) 
head(seurat_obj$seurat_clusters) 
 
cell_pal <- function(cell_vars, pal_fun,...) { 
  if (is.numeric(cell_vars)) { 
    pal <- pal_fun(100, ...) 
    return(pal[cut(cell_vars, breaks = 100)]) 
  } else { 
    categories <- sort(unique(cell_vars)) 
    pal <- setNames(pal_fun(length(categories), ...), categories) 
    return(pal[cell_vars]) 
  } 
} 
 
cell_colors_clust <- cell_pal(seurat_obj$seurat_clusters, hue_pal()) 
 
#Obtaining lineage inference 
plot(reducedDim(sds), col = "grey", pch = 16, cex = 0.2) 
 
#Pseudotime analysis 
plot(reducedDim(sds), col = cell_colors_clust, pch = 16, cex = 0.5) 


















immune HLA.DRA 2.0033409 0.649 0.009 
immune CD74 1.97405693 0.722 0.016 
immune HLA.DRB1 1.51142419 0.641 0.105 
immune CCL22 1.25344942 0.394 0.001 
immune RGS1 1.22347692 0.631 0.007 
immune HLA.DPB1 1.09393124 0.435 0.004 
immune CXCL8 1.02463862 0.434 0.099 
immune HLA.DPA1 0.97774432 0.412 0.003 
immune HLA.DQA1 0.88353307 0.359 0.001 
immune ACOT7 0.87403067 0.454 0.029 
transition  MIR22HG 0.99566171 0.737 0.304 
transition  NEDD4L 0.97897165 0.697 0.236 
transition  DNAJA1 0.96266392 0.892 0.566 
transition  SDCBP 0.95482334 0.75 0.365 
transition  HNRNPH3 0.88127562 0.925 0.782 
transition  MALL 0.87654669 0.518 0.164 
transition  TUBA1C 0.86017981 0.882 0.625 
transition  PMAIP1 0.85477383 0.925 0.807 
transition  SAT1 0.85127304 0.975 0.855 
transition  DUSP10 0.83793935 0.634 0.334 
proliferation STMN1 1.83703417 0.839 0.113 
proliferation HMGB2 1.42543467 0.86 0.423 
proliferation PTTG1 1.26991764 0.758 0.269 
proliferation CDK1 1.20890339 0.702 0.031 
proliferation UBE2C 1.19351286 0.552 0.015 
proliferation HIST1H4C 1.18028287 0.457 0.238 
proliferation HMGN2 1.16611629 0.9 0.543 
proliferation TUBA1B 1.14792314 0.851 0.514 
proliferation CKS2 1.12405491 0.795 0.379 
proliferation KIAA0101 1.12141983 0.599 0.014 
basal 1 S100A2 1.92298551 1 0.893 
basal 1 PLAUR 1.47557945 0.695 0.235 
basal 1 TACSTD2 1.47482988 0.981 0.862 
basal 1 SOX4 1.31832613 0.577 0.145 
basal 1 LMO7 1.30307117 0.726 0.242 
basal 1 ITGA2 1.29703012 0.853 0.206 
basal 1 NDRG1 1.27297319 1 0.817 
basal 1 SLC2A1 1.25448033 0.916 0.592 
basal 1 DSC2 1.23979496 0.881 0.32 
basal 1 DSG3 1.23332969 0.916 0.427 
basal 2 GADD45A 1.34580691 0.908 0.433 
basal 2 SERPINB2 1.2295013 0.933 0.682 
basal 2 ZFP36L2 1.21156787 0.952 0.651 
basal 2 KRT5 1.09380556 1 0.804 
basal 2 PTGS2 1.08521781 0.414 0.092 
basal 2 ARL4A 1.07565557 0.933 0.667 
basal 2 CAV1 1.01426925 0.996 0.841 








basal 2 KRT15 0.92122571 0.899 0.326 
basal 2 CYR61 0.90324902 0.513 0.264 
basal 3 MT1E 1.73310087 0.954 0.596 
basal 3 MT2A 1.65403073 0.998 0.948 
basal 3 CCL2 1.5515149 0.437 0.069 
basal 3 POSTN 1.5353672 0.938 0.28 
basal 3 CXCL14 1.51146673 0.999 0.784 
basal 3 COL17A1 1.31410838 0.968 0.478 
basal 3 KRT14 1.17685127 1 0.875 
basal 3 KRT15 1.10302116 0.882 0.333 
basal 3 SYT8 1.02811644 0.842 0.4 
basal 3 KRT5 1.01343176 1 0.805 
basal 4 KRT15 1.7268494 0.95 0.354 
basal 4 FOS 1.39999475 0.909 0.587 
basal 4 ATF3 1.27568188 0.957 0.686 
basal 4 TSC22D3 1.24297736 0.819 0.366 
basal 4 KRT14 1.1510381 1 0.881 
basal 4 ZFP36 1.07909518 0.996 0.966 
basal 4 CRIP1 1.00537839 0.903 0.531 
Basal 4 CXCL14 0.94655165 0.99 0.794 
basal 4 NBEAL1 0.90660195 0.944 0.714 
spinous 1 GADD45B 2.12742234 0.777 0.791 
spinous 1 IER2 1.90311981 0.991 0.732 
spinous 1 EIF5 1.73761114 0.997 0.534 
spinous 1 JUN 1.70922507 0.913 0.92 
spinous 1 SRSF3 1.64034602 1 0.854 
spinous 1 IRF1 1.59217355 0.991 0.491 
spinous 1 CCNL1 1.55795767 0.951 0.868 
spinous 1 RSRP1 1.53072921 0.996 0.571 
spinous 1 PPP1R15A 1.5045544 0.933 0.944 
spinous 1 TRA2B 1.49407482 1 0.62 
spinous 2 KRT1 1.49718676 0.998 0.674 
spinous 2 DMKN 1.28198829 0.999 0.878 
spinous 2 KRT10 1.25870452 0.989 0.785 
spinous 2 LGALS7B 1.12243104 0.998 0.893 
spinous 2 DBI 1.04981741 0.957 0.584 
spinous 2 BTG2 1.02464182 0.88 0.572 
spinous 2 LY6D 0.97116669 0.998 0.834 
spinous 2 THBD 0.95399937 0.531 0.096 
spinous 2 DEFB1 0.93753111 0.879 0.4 
spinous 2 KRTDAP 0.93475753 0.934 0.58 
spinous 3 MSMO1 1.05089511 0.729 0.266 
spinous 3 SOD2 0.93917068 0.941 0.745 
spinous 3 HIST1H1C 0.87075768 0.482 0.209 
spinous 3 RP11.467L13.7 0.77514791 0.381 0.115 
spinous 3 LY6D 0.72115199 0.982 0.837 
spinous 3 FGFBP1 0.68946832 0.893 0.75 
spinous 3 DMKN 0.65049699 0.999 0.878 
spinous 3 KRT1 0.59824667 0.997 0.675 
spinous 3 HMGCS1 0.57932143 0.753 0.461 
spinous 3 WTAP 0.55869062 0.801 0.572 
spinous 4 HILPDA 1.65169823 0.97 0.466 
spinous 4 KRT16 1.40709837 0.816 0.548 
spinous 4 CA2 1.34379044 0.821 0.409 
spinous 4 NDRG1 1.30757177 0.998 0.809 
spinous 4 SPRR1B 1.29801385 0.772 0.365 
spinous 4 SLC2A1 1.21501496 0.957 0.572 
spinous 4 ALDOA 1.17373618 0.998 0.91 
spinous 4 PGAM1 1.11666182 0.952 0.591 
spinous 4 S100A14 1.09898629 0.999 0.929 
spinous 4 HLA.A 1.03537156 1 0.99 
spinous 5 SBSN 1.8164885 0.924 0.551 
spinous 5 CALML5 1.79537912 0.652 0.304 
spinous 5 CD24 1.76455858 0.747 0.221 
spinous 5 AKR1C1 1.67472152 0.702 0.28 
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spinous 5 CNFN 1.5958026 0.321 0.142 
spinous 5 SULT2B1 1.53806958 0.746 0.278 
spinous 5 SPRR1B 1.48734355 0.78 0.393 
spinous 5 LYPD3 1.37742554 0.926 0.536 
spinous 5 CLDN4 1.36640114 0.704 0.263 
spinous 5 TSC22D1 1.36287148 0.745 0.579 
granular  KRT2 3.3667141 0.869 0.128 
granular  SLURP1 2.62478212 0.652 0.027 
granular  CALML5 2.57953645 0.978 0.316 
granular  FABP5 2.37187384 0.914 0.187 
granular  KRTDAP 2.22060773 1 0.627 
granular  SPINK5 2.13850769 0.936 0.341 
granular  C1orf68 2.04751418 0.696 0.028 
granular  TMEM45A 2.03532622 0.997 0.476 
granular  SPRR1B 1.96368266 0.95 0.409 
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